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Chapter 1 
Introduction 
Metal cluster compounds have attrackted considerable interest for the last two decades. 
At the moment several hundreds of cluster compounds have been well characterized and 
the number of them is still growing. They are considered compounds that can aid in the 
general understanding of the behavior of small metal particles as opposed to mononuclear 
organometallic compounds of which they are reminiscent. In a way they form a bridge 
between these two distinct types of matter and can aid in the understanding of the 
differences between them. 
In a chemical view they aid in the understanding of catalytic behavior. In the clusters 
the ligands mimic the absorbed species on a metal surface. From a more physical point of 
view they are important in investigating the breakdown of the electronic band structure 
used in the description of metal bonding in macroscopic crystals to the discrete molecular 
orbital bonding model used for small-sized particles and mono-nuclear metal complexes. 
Within the broad field of cluster chemistry we can discern different types of clusters. 
For instance a subject of recent investigation are the bare metal cluster compounds 
prepared by laser evaporation techniques of metals like potassium, sodium and lead. 
Another type of clusters are those with particular strong peripheral bonding. They are 
usually found with metals that do not have a completely filled set of d orbitals like iron, 
iridium and rhodium or that have low lying empty ρ orbitals contributing in peripheral 
bonding like found for platinum and nickel. The latter ones have structures that are 
related to fragments of closed packed arrangements as found in the metals themselves. 
The periphery of these clusters are typically covered by carbonyl ligands. This thesis 
mainly deals with the so called σ-clustcrs of the type M(L) I (M'L , ) i ,(M"L") 2 with the M 
= Pt or Au, M' = Ag, M" = Au and L = CO, CNR or РРЬз, L' = NO3 and L" = PPlvj 
or RNC, χ = 0 or 1, у = 0 or 1 and ζ = 7 or 8. 
Until several years ago the only σ-clusters known were the pure gold cluster com-
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pounds (M = M* = M" = Au). The Nijmegen Inorganic Chemistry laboratory has been 
engaged in research in the synthesis and characterization of those compounds. They and 
some other groups have now prepared clusters of 4 to 13 gold atoms and a A i ^ cluster 
of which the correct composition is still questioned by several researchers. 
A few years ago we were able to prepare compounds that are quite similar to the 
homometallic gold clusters but have an interstitial platinum atom instead of a gold atom 
(chapters 2 and 3). The insertion of a platinum atom in the centre of the cluster presents 
new possibilities in the bonding of organic molecules to that atom, like isocyanides 
(chapter 7) and CO (chapters 4 and 6). They are therefore more promising in their 
catalytic behavior than gold clusters. We were also able to add silver to the outer shell 
of metal atoms of the platinum-gold clusters (chapters 5 and 6) which opens a new 
perspective on the chemical reactivity of the clusters surface. 
The reactivity and structures of the metal clusters can be understood with the aid of 
the theoretical model to describe the bonding in these compounds as proposed by Stone, 
several years ago.[l, 2] This theory is also known as the Tensor Surface Harmonics Theory 
(TSH). It has proved to be a very useful tool for discussion of the bonding in cluster 
compounds.[3, 4, 5] 
According to TSH theory, cluster compounds are approximated by a spherical system. 
In this case the solution of the angular part of the Schrödinger equation can be used to 
calculate the coefficients of the atomic Orbitals in the wavefunctions that describe the 
bonding in the molecule. The coefficients are equal to those obtained by employing the 
projection operator formalism from group theory. The orbitals constructed in this way 
are usually quite readily visualised because they have the same angular characteristics as 
the familiar atomic orbitals, see Figure 1.1. The basis functions used in this expansion 
are classified as σ. π and δ orbitals, depending on the number of nodal planes that 
contain the radius vector from the center of the cluster to the atom. 
The application of TSH in gold and mixed gold cluster compounds is strikingly simple. 
In these compounds we only need to consider inpointing hybrid orbitals that are of σ-
symmetry. The outpointing hybrid is involved in the bonding with the peripheral ligand. 
For metal atoms on the periphery these hybrid orbitals are formed by a combination of 
a relatively low lying s-orbital, and a high lying, empty p-orbital. The d-orbitals are 
filled and can be ignored because the contraction results in a neglectable overlap with 
neighbour atoms. 
The tangential p-orbitals are empty and too high in energy to contribute to the 
bonding orbitals. The only effect of these P" orbitals is a second order mixing in the P " 
3 
Figure 1.1: Examples of some TSH molecular orbitals in a tetrahedral cluster. 
orbitaJs, because they usually belong to the same irreducible representation. This results 
in a lowering of the Ρ σ orbital energy and increase in the Рж energy, see Figure 1.2. 
Figure 1.2: mixing of P" and P" orbitals in an octahedral cluster. 
To get a quantitative picture of the bonding in this type of u-cluster compounds we 
only need to consider the σ type orbitals. That is why they are called σ-bonded cluster 
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compounds. Stone showed that for the σ orbitals the resulting energies of the orbitals 
are in the order S<7< Ρσ< Ό".... With cluster compounds of up to twelve peripheral 
atoms we only need to consider the S" and the three Ρ σ orbitals for the bonding. The 
Ό" and F " orbitals are anti-bonding. 
The number of electrons in these orbitals that can contribute to the bonding in the 
cluster skeleton is the sum of the σ valence electrons of the atoms in the center and 
periphery minus the number of electrons that are located in outpointing hybrid orbitals. 
So the contribution of а АиРРЬз bonded to the centre is 1 + 2 — 2 = 1, of AuCN is 
1 + 1 — 2 = 0. А РРЬз or CO bonded to the central atom contributes 2 electrons. A 
halogen or pseudo halogen bonded to the central atom, like CN, contributes one electron 
to the cluster skeleton. A central Au, Pt or С contributes 1, 0 and 4 electrons respectively. 
We already saw that in σ-bonded cluster compounds we only need to consider 4 
molecular orbitals, so we can end up with 4 different electron counts for diamagnetic 
clusters. 
• The maximum electron count of σ electrons is 8, {S<r)2(P<T)e. These clusters 
have high symmetrical arrangements of skeletal atoms close to a spherical one 
(see Figure 1.3). The Ρ' ' orbitals are threefold degenerate in that case. Exam-
Figure 1.3: Structure of the 8 electron cluster [Au(AuCl)2(AuPMe2Ph)1o]3+ showing the 
spherical arrangement of gold atoms. 
pies of these clusters are [Аи(РРЬз)(АііРР1із)7]2+ [6] with a cubic geometry and 
[Au{AuCl)2(AuPMe2Ph)io]3f [7] with an icosahedral geometry. 
• When only 6 valence electrons are involved in skeletal bonding in a spheroidal ar­
rangement, we would have a paramagnetic species, with four electrons in a threefold 
5 
degenerate set of orbitals. Until now no stable σ-bonded cluster are known which 
are paramagnetic. This is a result of a Jahn-Teller distortion in the cluster. The 
metal-metal bonds are strong but flexible and the cluster rearranges to a toroidal 
geometry. In a toroidal cluster two P" orbitals are in the torus plane. In the 
case of a centred cluster the Pf orbital increases in energy and becomes antibond-
ing. In non centred clusters the P^ does not exist because all the atoms will be 
ideally on the nodal plane of this orbital. Examples of these (S'T)2(PCT)4 clusters 
are [Аи(АиС1)з(АиРРЬСу2)в]+ [8] and [Pt(AgN03)(AuPPh3)8]2+ as shown in Fig­
ure 1.4.[9] 
Figure 1.4: Structure of the 6 electron cluster [Pt(AgN03)(AuPPh3)8]2+ showing the 
toroidal arrangement of peripheral groups around the central atom. 
• When only four valence electrons are involved in the cluster bonding we would 
expect a prolate, or linear geometry. At the moment there are no examples of this 
(8 σ ) 2 (Ρ σ ) 2 configurated centred clusters. The [{АиРР1із)
в
]2+ cluster [10] consists of 
two (8σ) 2 tctrahedra (vide infra) that share an edge. The total electron count adds 
up to 4, resulting in a prolate geometry and an (Scr)2(P'r)2 electron configuration 
of this small cluster of clusters. Figure 1.5. 
• In the smallest σ-bonded clusters only two valence orbitals contribute to the skeletal 
bonding. These clusters are not centered because the introduction of a central atom 
results in a strong overlap of the s and ρ orbitals of this atom with the S" and P" 
cluster orbitals introducing additional bonding orbitals. The electron configuration 
is (S")2 and again the structure will be spheroidal because the S" molecular orbital 
has no angular dependency. An example of this type of cluster is (АиРРЬз)4І2,[11] 
which has a tetrahedral arrangement of gold atoms as shown in Figure 1.6. 
These characteristic electron counts enable us to classify the clusters in a way com­
parable to that used for mono-nuclear transition metal complexes. The (3σ)2(Ρ'7)4 and 
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Figure 1.5: Structure of the [(AuPPh3)e]2 f cluster showing the linear condensation of 
two 2 electron Ащ fragments in an edge shared fashion. 
Figure 1.6: Structure of the (АиРР1із)4І2 cluster showing the non centred spherical 
arrangement of Au atoms. 
(S'T)2(P<T)e clusters, with 6 and 8 σ valence electrons can be compared with the 16 and 
18 electron species. The difference of 10 electrons in the count stems from not counting 
the 10 d electrons of the central metal atom. 
This simple electron count can also be useful in the classification of reactions and 
predicting the reactivity of clusters. 
• Lewis base or nucleophilic addition reactions 
The addition of a two electron donating ligand is known to yield stable compounds 
starting with a 16 electron, giving a 18 electron compound. Examples of these Lewis 
bases are CO, PPhs and CNR. We can therefore expect this type of reaction only for 
a (S<r)2(P'T)4 cluster compound. Examples of this type of reaction in mononuclear 
7 
transition metal chemistry and cluster chemistry are shown in equation 1.1 
P t t P P h a b + CO - Рі(СО)(РРЬз)з 
fPt(AiiPPh.,)8]2 ++ CO -> [Pt(CO)(AuPPh3) 8 ] 2 + (1.1) 
In chapter 4 and 6 of this thesis details of such reactions will be presented. 
• Lewis acid or electrophilic addition reactions 
The addition of a Lewis acid does not change the total electron count. Examples 
of these Lewis acids are H* and d10 metal atoms, like Ag+. This type of reaction 
can be expected for both (S'7)2(P< T)4 and (3 < 7 ) 2 (Ρ σ ) β cluster compounds. Examples 
of this type of reaction are shown in equation 1.2 
Fe(CO)5 + H + -» [HFe(CO),]1 
[ P t ( A u P P h 3 ) 8 ] 2 + + A g + -» [Pt(Ag)(AuPPh3) 8] 3 + (1.2) 
Details of such reactions are given in chapters 5 and G. 
• Oxidative addition reactions 
This type of addition reaction results in an increase in the electron count of 2 
and can therefore, like the Lewis base addition, only be expected for (3 < Γ ) 2 (Ρ σ ) 4 
compounds. Examples of species that react in this way with metal clusters are 
Au(CN)2 and [HgtNOjJb see equation 1.3. 
ІгС1(СО)(РРЬз)2 + Mel -» ІгС1(СО)(Ме)(І)(РРЬз)з 
[Рі (АиРРЬз)
в
] 2 + + AuCN2 -* [Pt(CN)(AuCN)(AuPPh3) 8]+ (1.3) 
With the TSH model and its uses we have a very powerful tool for understanding 
the bonding, geometry and reactivity of the metal phosphine cluster compounds that 
are described in this thesis. A method that enables us to classify a structure as toroidal 
or spheroidal from crystallografic data is presented in chapter 9. The TSH model can 
also be used for obtaining counting rules for condensed spherical superclusters of group 
11 atoms as shown in chapter 11. 
The discussion above might suggest that these clusters have rigid well defined struc­
tures. That is indeed the case in crystalline compounds but in solution these clusters 
compounds show an interesting fluxionality. most easily studied by NMR methods. At 
low temperatures this fluxionality can be slowed down giving rise to complex spectra due 
to the various different sites. This phenomenon has been recognized for some time, but 
in chapter 8 a complete analysis of NMR spectra including the assignment of all sites is 
presented. 
Chapter 2 
Structure and Properties of the 
Hydride containing Cluster-Ion 
[Pt(H)(PPh3)(AuPPh3) 7 ] 2 + 
2.1 Introduction 
Recently we reported the structure [12] and properties [13] of [Рі(АиРРЬз)8]2 + (РРЬз 
= triphenylphosphine), which is a cluster compound with a central Pt surrounded by 
eight Au atoms and is isoelectronic with the homonuclear [Аіі(АиРРЬз)8]3 +. In the 
conversions of homonuclear Au cluster compounds the reactions (2.1) and (2.2) are of 
great importance.[14] 
[Аи(АиРР1із)8]3 + ^ [Аи(АиРРЬз)7] : ! + + AuPPh^ (2.1) 
[Аи(АііРРЬз)7]2 + + РРЬз ^ [Аи(РРЬз)(АиРРЬз)7]2 + (2.2) 
Here we report that these reactions in the case of [Рі(АиРРЬз) 8 ] 3 + yield [Pt(H)-
(РРЬз)(АиРРЬз) 7] 2 +,[15, 16] the protonated analogue of [Аи(РРЬз)(АиРРЬз) 7] 2 +. In 
the crystal structure determination, we could neither distinguish between Pt and Au nor 
detect the proton in the cluster. 1 9 5Pt., 3 1 P and 'H NMR spectra and 1 9 7Au Mößbauer 
spectra, however, contribute to a more complete picture of the structure. 
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2.2 Experimental Section 
2.2.1 Measurements 
C, H and N analysis were carried out in the micro-analytical department of the Univer-
sity of Nijmegen and the other analyses by Dr. A. Bernhardt, Elbach über Engelskirchen, 
FRG. " P ^ H } NMR spectra were recorded on a Bruker WM 200 spectrometer at 81.02 
MHz, using CD2CI2 solutions and TMP in CD2CI2 as reference, 195Pt NMR spectra were 
recorded at 43.02 MHz, using CD2CI2 solutions and PtCljj - in D2O as reference, and 
Ή NMR spectra were recorded at 200.13 MHz, using CD2CI2 solutions and TMS in 
CD2CI2 as reference. Infrared spectra were recorded on a Perkin Elmer 283 spectropho­
tometer. Mößbauer spectra were measured in Kamerlingh Onnes Laboratorium of Leiden 
University with a spectrometer described elsewhere.[17] Fast atom bombardment mass 
spectrometry (FABMS) measurements were carried out with a VG Analytical Ltd. 7070 
Ε-HF high-resolution double-focusing mass spectrometer at the University of Minnesota. 
A m-nitrobenzyl alcohol matrix was used, and mass calibration was achieved with ref­
erence spectra of Csl clusters. Calibration was checked before and after acquisition of 
data with a maximum error of 0.3 Da. Details of the experimental procedure can be 
found elsewhere.[18] 
2.2.2 Preparat ions 
AuPPh3N03,[19] [Pt(AuPPh3)e](N03b [12, chapter 3] and Рі(РРЬз)з [20] were prepared 
according to literature methods. The other reagents were obtained from commercial 
sources and used without further purification. 
[ P t ( H ) ( P P h 3 ) ( A u P P h 3 ) 7 ] ( N 0 3 ) 2 
A 637-mg (1.22-mniol) sample of AuPPhaNOs and 200 mg (0.204 mmol) Р Ц Р Р Ь з Ь were 
dissolved in 30 mL of THF. H2 was bubbled through the solution for two hours at room 
temperature and atmospheric pressure, and a red product began to precipitate. After 
the mixture was allowed to stand overnight, the product was filtered off, recrystallized 
by slow diffusion of diethyl ether in a dichloromethane solution of the product, and dried 
in vacuo; yield 350 mg (0.1 mmol). 
Elemental analysis for P tAurPeCmHiüi^O, ; calculated: С 45.54%; H 3.12% and N 
0.74%; found: С 45.22%; H 3.20% and N 0.73%. 
10 Chapter 2. [Р1(Н)(РРЬ3)(АиРРЬ-л)7р^ 
[ Р і ( Н ) ( Р Р Ь з ) ( А и Р Р Ь 3 ) 7 ] ( Р Г б ) 2 
A 380-mg (0.1-mmol) sample of [Рі(Н)(РРЬз)(АиРРЬз)7](КОз)2 was dissolved in 50 mL 
of methanol and then 80 mg (0.5 mmol) NI^PFe was added. The precipitated product 
was purified by the same procedure as described for the nitrate compound; yield 90%. 
Elemental analysis for Р і А и т Р ю С ш Н ш Г ^ calculated: Au 34.80% and Pt 4.92%, 
found: Au 35.00% and Pt 4.93%. 
A crystal suitable for X-ray diffraction study was obtained by slow diffusion of diethyl 
ether into a dichloromethane solution of [Рі(Н)(РРЬз)(АиРРЬз)7](РГ6)2. The precipi­
tated crystals contained half of a molecule of CH2CI2 per cluster, as could be detected 
in the X-ray structure determination. 
Infrared spectra show absorptions of the triphenylphosphine and of the uncoordinated 
negative ion (NOj or PF¿"); no metal-hydride absorption could be detected. 31P{1H} 
NMR: AuP δ = 47.5 ppm with 2 J ( P - 1 9 5 P t ) (doublet) 414 His and 3 J ( P - P ) (doublet) 34 
Hz. P t P b = 61.0 ppm with ' J f P - ^ P t ) (doublet) 2300 Hz and 3 J ( P - P ) (octet) 34 Hz. 
When the Ή decoupling was limited to the area of the phenyl protons, the doublet of 
the AuP was further split with J(P-1K) (doublet) 14 Hz, the P t P octet was broadened, 
but no ./(Ρ-Ή) could be determined. 1 9 5 P t NMR: δ = -5425 ppm with ^ ( Ρ ΐ - ' Η ) 
(doublet) 537 Hz, 2 J ( P t - 3 1 P ) (octet) 413 Hz and ' . / (Pt- 3 1 ?) (doublet) 2287 Hz. 'H 
NMR (hydride): δ = 2.26 ppm with ^ ( H - ' ^ P t ) (doublet) 537 Hz, 2 J ( H - 3 1 P ) (doublet) 
6.6 Hz and 3 7(H- 3 1 P) (octet) 16.6 Hz. 
2.2.3 Structure Determination of 
[Pt(H)(PPh3)(AuPPh3)7](PF 6 ) 2 · l/2CH2Ch 
Collection of X-ray data 
A single crystal was obtained by slow diffusion of diethyl ether into a dichloromethane 
solution of the compound. To avoid decomposition, due to loss of solvent, the data were 
collected at 193K. The unit cell dimensions were calculated from the setting angles of 25 
reflections with 32° < 2Θ < 66°. The crystal data and the experimental details are listed 
in Table 2.1. A profile analysis was performed on all reflections.[21, 22] After correction 
for Lorentz and polarization effects and after an empirical absorption correction,[23] the 
equivalent reflections were averaged (R
av
 = Σ ( | | ^ | - | .F | | )/ J] | F | = 0.057, including all 
reflections). No extinction correction was applied. 
2.2. Experimenta] Section 11 
formula 
cryst.syst. 
α 
6 
с 
V 
ρ( caled) 
color 
diffractometer 
monochroinator 
tranmission fact. 
min-max 
check refl. 
variation 
scan range 
total refl. 
observed refl. 
no. of variables 
R 
max. shift/err. 
C]44H 1 2iAu7Fi2PloPt 
•C1/2HC1 
triclinic 
17.085(6) À 
17.301(8) Â 
29.401(12) Â 
7523.2 Â3 
1.641 gem"3 
red 
Nonius CAD4 
graphite 
0.09 - 0.45 
3 
20% decrease 
0 < 2Θ < 130° 
43935 
15921 with F > Qa(F) 
596 
0.085 
0.15 
Table 2.1: Crystal data and experimental 
mol.wt 
space group 
a 
3 
7 
Ζ 
size 
temperature 
radiation 
M(CuKû) 
scan method 
max. scan speed 
check freq. 
data collection 
unique refl. 
weighting 
К 
resid. el. dens. 
details for the X 
4089 
PT 
94.62(10) ° 
96.26(5) ° 
118.24(5) 0 
2 
0.52 χ 0.28 χ 0.30 mm. 
193 К 
C U K Q (A = 1.54184 A) 
162.4 cm 1 
ω- 2Θ 
15 s/refl 
2/hr 
± h , ±k, ±1 
25514 
l / ( a 2 ( F ) + 0.0008F2) 
0.115 
0.9 e Â 3 
-ray diffraction study of 
[Pt(H)(PPh3)(AuPPh3)7](PF6)2 • 1/2CH2C12. »Л« - ^ Wc\?IT.w\F0\ 
Solution and refinement of the structure 
The positions of the heavy atoms (Au, Pt and Ρ) were found automatically by PAT-
SYS,[24] which combines the Patterson part of SHELXS-86 [25] and DIRDIF.[26] The 
remaining phenyl carbons were positioned from four successive difference Fourier maps. 
The phenyl rings were treated as rigid groups with ideal geometry. The electron density 
peaks found at positions between the cluster ions (at distances more than 3.5 A from 
any atom) could be interpreted as three disordered PF
e
-ions and a CH2CI2 molecule, 
which were included in the refinement as rigid groups. Refinement of the occupation 
factors leads to a total of two P F 0 ions and half of a CH2CI2 molecule per cluster unit. 
The structure was refined by full-matrix least squares on F values, using SHELX.[27] 
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Atom 
Pt 
Au2 
Au3 
Au4 
Au5 
Au6 
Au7 
Au8 
PI 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
X 
0.00891(5) 
-0.05109(6) 
0.11785(6) 
0.17194(6) 
0.08369(7) 
-0.16965(6) 
0.00638(6) 
-0.07450(8) 
0.0064(3) 
-0.1161(4) 
0.2082(4) 
0.3106(4) 
0.1490(5) 
-0.3181(3) 
0.0038(4) 
-0.1501(5) 
У 
0.50664(4) 
0.34386(5) 
0.43524(5) 
0.59409(6) 
0.68571(5) 
0.38975(7) 
0.50379(5) 
0.59014(9) 
0.5017(3) 
0.2024(3) 
0.3774(4) 
0.6714(4) 
0.8306(3) 
0.3065(4) 
0.5037(4) 
0.6557(4) 
ζ 
0.29068(3) 
0.24257(3) 
0.30429(3) 
0.26590(4) 
0.31738(3) 
0.28189(4) 
0.19971(3) 
0.25000(4) 
0.3698(2) 
0.2012(2) 
0.3290(2) 
0.2438(2) 
0.3537(2) 
0.2883(2) 
0.1208(2) 
0.2161(2) 
Ueç (χ 100) 
3.95(3) 
5.08(3) 
5.33(4) 
6.81(4) 
6.37(4) 
6.60(4) 
4.95(3) 
7.78(6) 
4.0(2) 
5.8(2) 
5.9(2) 
6.7(2) 
7.3(3) 
6.6(2) 
5.8(2) 
7.1(3) 
Table 2.2: Selected fractional positional and thermal parameters (Â2) (with esd's). 
Scattering factors were taken from ref. 28. Isotropic refinement converged to R = 0.164. 
At this stage an additional empirical absorption correction was applied,[29] resulting in 
a further decrease of R to 0.138. During the final stage of the refinement the anisotropic 
vibration parameters of the gold, platinum and phosphorus atoms were refined. The 
hydrogen atoms were given fixed isotropic temperature factors of 0.08 A2. Positional 
and thermal parameters are given in Table 2.2, selected bond distances in Table 2.3 and 
bond angles in Table 2.4. 
2.3 Results 
2.3.1 Synthesis and Composition 
The red coloured compound can be prepared in good yield by the reaction of Hj with 
a solution of АиРРЬзМОз and Рі(РРЬз)з (molar ratio 6:1) at room temperature and 
atmospheric pressure. Elemental analysis shows a cluster composition of РіАи7(РРЬз)8 
and two negative ions (NOj or PFg ). As no paramagnetism is present, the cluster 
Pt -Au2 
P t -Au4 
P t -Au6 
Pt -A118 
Au2-Au6 
Au3-Au4 
Au4-Au7 
Au6-Aü8 
P t - P I 
Au3-P3 
Au5-P5 
Au7-P7 
2.700(1 
2.085(1 
2.714(1 
2.721(1 
2.820(1 
2.829(1 
2.890(1 
3.326(2 
2.340(5 
2.290(5 
2.308(5 
2.316(6 
Table 2.3: Selected bond 
Au3-Au2-Au6 
Au6-Au2-Au7 
Au3-Au4-Au5 
Au5-Aii4-Au7 
Au2-Au6-Au8 
Au2-Au7-Au8 
Au5-Au8-Au6 
Au6-Au8-Au7 
Au3-Pt -PI 
Au5-Pt -PI 
Au7-Pt -PI 
Pt -Au2-P2 
Pt -Au4-P4 
Pt -Au6-P6 
Pt -Au8-P8 
106.5(1 
86.8(1 
103.2(1 
87.2(1 
92.5(1 
100.3(1 
102.6(1 
78.2(1 
83.0(1 
83.5(1 
177.2(1 
174.6(1 
178.5(2 
168.6(1 
177.7(2 
Table 2.4: Selected bond 
Pt -Au3 
P t - A u 5 
P t - A u 7 
Aii2-Au3 
Au2-Au7 
Au4-Au5 
Au5-Au8 
Au7-Au8 
Au2-P2 
Au4-P4 
Au6-P6 
Au8-P8 
2.691(1 
2.737(1 
2.666(1 
2.864(1 
2.910(1 
3.074(2 
2.835(1 
2.893(1 
2.315(5 
2.303(6 
2.287(5 
2.288(6 
lengths (Â) (with Esd's). 
Au3-Au2-Au7 
Au2-Au3-Au4 
Au3-Au4-Au7 
Au4-Au5-Aii8 
Au2-Au7-Au4 
Au4-Au7-Au8 
Au5-Au8-Au7 
Au2-Pt -PI 
Au4-Pt -PI 
Au6-Pt -PI 
Au8-Pt -PI 
Pt -Au3-P3 
Pt -Au5-P5 
Pt -Au7-P7 
87.5(1 
93.1(1 
88.5(1 
89.2(1 
90.8(1 
91.8(1 
91.8(1 
111.7(1 
116.5(1 
83.8(1 
116.0(1 
170.1(2 
169.3(2 
178.9(1 
angles (deg) (with Esd's) 
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should be either a dimer or contain an uneven number of protons. The 1 9 5 P t NMR 
shows a doublet due to Pt-H coupling (6 = -5425 ppm, 1 J ( P t - 1 H ) = 537 Hz) so one 
H is present per Pt. The molecular composition P t H A u y i P P h s ^ N O s b was confirmed 
by FABMS. This has been shown to be a successful technique for the determination 
of the correct molecular composition of cationic cluster compounds. [18] The positive 
FABMS in the 1000-4000 mass range has a great number of peaks; those with the highest 
mass are given in Table 2.5. Each peak consists of a complex envelope due to the 
Relative 
Mass 
3472 
3410 
3211 
3148 
2951 
2689 
abundance 
10 
24 
29 
53 
100 
42 
Assignment 
(М-РР1із+МОз)+ 
(М-РРЬз)+ 
(M-2PPh3+N03)+ 
(М-2РРЬз)+ 
(М-2РР1із-Аи)+ 
(M-3PPh3-Au)+ 
Table 2.5: Positive ion FABMS data for [Рі(Н)(Р){АиРРЬз)7Р'Оз) 2 (M = 
PtAu 7 H(PPh3) 8 ). 
various isotopie combinations for a given molecular formula. A complete simulation 
of isotopie combinations gave a distribution pattern that closely matched the observed 
pattern, which is shown for the two heaviest fragments in Figure 2.1. This provides 
100 
75 
50 
25 
0 
3W2 -f l—H Mass 
100 
Ό 
75 
50 
25-
0 
; 
t 
1 
1 
1 
-¿-1 1 
В 
il 
— i 
-t 
3410 Mass 
Figure 2.1: Positive ion FABMS for (M-PPh3+N03) + (A) and (М-РРЬз)+ (В). Observed 
(solid line) and simulated (dashed line) isotropic distributions for the expanded peaks. 
strong evidence that the formula of M is correct and one hydride per Pt is present in 
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[Pt(H)(PPh3)(AuPPh3)7]2 t . 
2.3.2 Mößbauer Spectrum 
The 197Au Mößbauer spectrum is shown in Figure 2.2. It has two asymmetric resonance 
- 8 . 5 
-7.e -s.g -ц.о -z.o -α. ι i.s 
VELOCITT пн/жс 
Figure 2.2: 1 9 7 Au Mößbauer spectrum of [Р^Н)(РР1із)(АиРР1із)7](Шз)2. 
bands, which are too broad to be interpreted as one quadrupole pair. The best fit for the 
experimental curve is obtained with a simulation of two quadrupole pairs with isomer 
shifts of 1.95 and 2.17 mm/s and quadrupole splittings of 5.96 and 7.33 mm/s, respec­
tively, and with an intensity ratio of 2:5. The most significant feature of the spectrum 
is the absence of a singlet at an isomer shift of about 3 mm/s. Such a singlet is always 
found in gold clusters with a central Au atom and a ( S " ) 2 ^ " ) 6 cluster-electron con­
figuration. like [Аи8(РР1із)8]2", [Аи9(РР1із)8Г, Аи1 1(РР1із)7Хз (Χ = CN, I, SCN) and 
[Au 1i(dppp)5] 3 t. When the cluster-electron configuration is ( 8 σ ) 2 ( Ρ σ ) 4 the central Au 
atom has a quadrupole pair that often is hidden under the quadrupole pairs of the periph­
eral Au atoms. The absence of a singlet in the {S'T)2(P<7)6 [Pt(H)(PPh3)(AuPPh 3 ) 7 ] 2 + 
spectrum proves that the central atom, which the X-ray crystal structure determination 
has detected, is a Pt atom. The two quadrupole pairs are from the seven peripheral Au 
atoms. The Mößbauer parameters of these atoms are very close to those of peripheral 
Au sites in [Аи(РРЬз)(АиРРЬз)7]2+ (isomer shift 1.9 mm/s, quadrupole splitting 6.7 
mm/s). The peripheral Au atoms are all bonded to a phosphine but their geometrical 
positions are different (see Figure 2.3). However, such geometrical differences have not 
caused significantly different Mößbauer parameters in the polynuclear gold clusters to 
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Figure 2.3: Ortep drawing of the molecular structure, determined by X-ray analysis of 
[Pt(H)(PPh3){AuPPh3W(PFe)2 · 1/2CH2C12. 
date.[30] We think that the H in [Рі(Н)(РР1із)(АиРР1із)7]2+ is close to two Au atoms 
(vide infra), and this might be the reason that two slightly different quadrupole pairs 
appear in the Mößbauer spectrum. 
2.3.3 The X-ray determined structure of 
[ P t ( H ) ( P P h 3 ) ( A u P P h 3 ) 7 ] 2 + 
The molecular structure is shown in Figure 2.3, some relevant bond lengths and angles 
are listed in Tables 2.3 and 2.4, respectively. The geometry of the PtAuy frame is that 
of a distorted cube with Pt in the centre and seven vertices occupied by Au. The Ρ 
of the phosphine ligand bonded to Pt, is close to the eighth vertex of the cube. The 
bond lengths between Pt and Au atoms 2, 3, 4 and 7 are between 2.67 and 2.70 Â, 
which is about the same as in [Pt(PPh3)(CsC-t-Bu)(AuPPh3)e]+ (2.67 - 2.69 Â)[31] 
and in [Рі(СО)(АиРРЬз)8]2+ (2.65 - 2.70 Â)[13] but longer than in [P^AuPPhsb]2* 
(2.63 - 2.64 Â).[12] The distance between central metal and the Au atom trans to 
the phosphine attached to the central metal (Pt-Au(7)) is the smallest, just as in 
[Аи(РРЬз)(АиРРЬз)7]2+. The bond lengths between Pt and Au atoms 6, 8 and 5 are sig-
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nificantly longer: 2.71, 2.72 and 2.74 Â, respectively. The nearest Au-Au distances in the 
periphery are all between 2.82 and 2.91 Â, which is about the same as in [PtfAuPPhaJg]2"1" 
and in [Аи(РРЬз)(АиРРЬз) 7] 2 + . However, the Au(4)-Au(5) and Au(6)-Au(8) distances 
are much longer, 3.07 Ä and 3.33 A, respectively. Not only peripheral but also radial 
bond lengths are much longer around Au(5), Au(6) and Au(8), which is probably caused 
by the proximity of H (vide infra). 
The Au-P bond lengths (2.28 - 2.31 Á) are in the range normally found for gold-
triphenyl phosphine clusters. The Pt-P bond length is 2.34 A, which is considerably 
longer than in mononuclear platinum-triphenylphosphine compounds (2.24 A). There are 
two other compounds known where both triphenylphosphine and Au are bonded to Pt. In 
these compounds the Pt-P distances are also long: 2.31 - 2.32 Â in [АигРігСРРЬзМСХ-
2,6-Ме2С0Нз)4](РРв)2 [32] and 2.34 - 2.41 Â in [РізАи(/і2-СО)з(РР1із)5](Шз).[33] 
2.3.4 N M R Spectra 
The " P ^ H } NMR spectrum shows a doublet (δ = 47.5 ppm, 2 J ( P - 1 9 5 P t ) = 414 Hz) 
and an octet (6 = 61.0 ppm, 1 J ( P - 1 9 5 P t ) = 2300 Hz) in an intensity ratio of 7 : 1, caused 
by the AuP and P t P sites respectively. The different geometric sites for the AuP in the 
crystalline state are apparently equilibrated in solution at room temperature by a fast 
fluxionality. The 1 9 5 P t NMR spectrum is shown in Figure 2.4 {δ - -5425 ppm, 1 J (Pt-
3 1 P ) = 2287 Hz, 2 J ( P t - 3 1 P ) = 413 Hz, ^ ( Ρ ΐ - ' Η ) = 537 Hz). The high Pt-H coupling 
constant indicates that Η and Pt are directly bonded. In the Ή NMR spectrum this Η 
gives a signal at 2.26 ppm with Pt satellites and 2.7(H- 3 1P) = 6.6 Hz and 3 J ( H - 3 1 P ) = 
16.6 Hz. These assignments could be confirmed in the 3 1 P NMR spectrum with partial 
'H decoupling. The low value for 2 J ( H - 3 1 P ) indicates that the P-Pt-H angle is rather 
acute. 
2.3.5 Metal Site Preference Calculations 
The impossibility to determine the nature of the located metal atoms in the X-ray 
determination of |ТЧ(Н)(РРЬз)(АиРРІіз)]2 + prompted us to perform Extended Hiickel 
Molecular Orbital calculations. As the location of the hydrogen is unknown, the cluster 
is modelled by a [Pt(P)(AuP)7]+ cluster with an arrangement of one phosphine and seven 
metal-phosphines around a central metal on the vertices of a cube. This results in four 
possible isomers as shown in Figure 2.5 
The total energies and HOMO-LUMO gap for these four isomers are listed in Ta­
ble 2.6. From this Table it is obvious that the most favourable isomer is the one with 
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I I [ ι ι 
-5400 -5450 ppm 
Figure 2.4: 1 9 5 P t NMR spectrum of [РЦН)(РРЬз)(АиРР1гз)7]2 +, showing the coupling 
with Η and the two different Ρ sites. 
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φ Pt O Au 
Figure 2.5: Labelling of the four possible isomers in the hypothetical Pt(P)(AuP) 7 clus­
ter. 
Isomer Total Energy HOMO-LUMO gap 
A -1490.22 2:28 
В -1489.77 2.62 
С -1489.54 1.80 
D -1489.37 1.69 
Table 2.6: Total energies and HOMO-LUMO gaps (eV) for the four isomers of the 
Pt(P)(AuP) 7 cluster, 
platinum in the central position, because the total energy is the lowest and the HOMO-
LUMO gap is large. This result is in agreement with the conclusion on the position of 
the Pt atom from absence of a singlet in the 1 9 7Au Mößbauer spectrum. 
2.4 Discussion 
[Pt(AuPPh3)8]2^ and [Р^Н)(РР1із)(АиРР1із)7]2 + can be interconverted through reac­
tions (2.3) and (2.4), which are similar to the reactions (2.1) and (2.2). However, acid 
and base are needed in (2.3) and (2.4) respectively for a reasonable yield. Unprotonated 
[Pt(PPh3)(AuPPh3) 7]+ could not be detected. 
[Pt(AuPPh3)8]2 + + H+ + 2PPh3 -• 
[Рі.(Н)(РР1із)(АиРРЬз)7]2+ + Аи(РРЬз)2 + (2.3) 
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[Pt(U){VPh3){AuPVh3)7}2+ + NEt a + 2AuPPh+ 
[Pt(AuPPh3) 8 ] 2 f + H N E t ; + Аи(РРІіз)^ (2.4) 
The presence of H in the Pt-Au cluster compound is firmly established by FABMS 
and NMR data. The asymmetric position of the Au atoms around the central Pt gives 
an indication where this H could be located. A method for the location of hydride 
ligands has been developed by Orpen.[34] On the basis of the X-ray-determined coor­
dinates of the non-hydrogen atoms, the potential energy is minimized by varying the 
hydride position. For a large variety of clusters this method has proven to be useful in 
determining hydride positions.[35, 36] For [Рі(Н)(РРІіз)(АиРР1із)7]2+ the best solutions 
are obtained if bonding interactions of H with Pt and two Au atoms (facial bridging 
^3-coordination) are allowed. The best six solutions are given in Table 2.7. The lowest 
Pt-H 
1.85 
1.86 
1.85 
1.86 
1.86 
1.85 
Bond length 
Au-H 
Au(6) 1.83 Au(8) 1.83 
Au(5) 1.83 Au(8) 1.82 
Aii(4) 1.82 Au(5) 1.82 
Au(3) 1.82 Au(4) 1.82 
Aii(2) 1.81 Au(6) 1.81 
Au(2) 1.80 Au(3) 1.80 
Fractional position 
X 
-0.0977 
-0.0282 
0.1204 
0.1281 
-0.0649 
-0.0007 
y 
0.5103 
0.5879 
0.6029 
0.5447 
0.3887 
0.3986 
ζ 
0.2907 
0.3084 
0.3157 
0.3162 
0.2971 
0.3011 
energy 
-0 08 
0.54 
1.01 
1.16 
1.99 
2.46 
Table 2.7: Best results of Orpen calculations. Fractional positions, bond lengths (in Â) 
and potential energies (in eV). 
potential energy corresponds with Η /is-bonded to Pt, Au(6) and Au(8) and this is in ac­
cord with the conclusions given above, concerning bonding lengths around Au(5), Au(6) 
and Au(8), the high 1 9 5 P t - 1 H coupling constant, and the intensity ratio of 2:5 for the two 
quadrupole pairs in the Mößbauer spectrum. In a simple approximation of the HOMO 
of [Рі(РР1із)(АиРР1із)7]4", which lacks the Η atom, using X-ray determined coordinates 
and an EHMO calculation, the maximum electron density was found in a lobe pointing 
towards Au(6) and Au(8), as is shown in Figure 2.6. This suggests that Η should be 
bonded near that region. Although all these arguments do not give an accurate position 
of H, we can safely conclude that it is positioned within the area defined by Pt, Au(5), 
Au(6) and Au(8). 
In the very few other known hydride complexes of gold, the hydride is /^-bridging 
between Au and Pt, Ir, Ru, Cr or W.[36, 37] 
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Figure 2.6: Wave function plot of the HOMO orbital with levels +0.05 and -0.05 pro­
jected on the plane through Pt, Au(6) and Au(8). 
The Pt-P bonding distance is relatively large and suggests a loosely bonded phos­
phine. The reactivity caused by loosely bonded phosphine is well-known,[37] e.g. for 
[Аи(РР1із)(АиРР1із)
в
]2-,[14] and is currently being explored for [Рі(Н)(РРЬз)(АиР-
Ph 3 )v] 2 + . 
Chapter 3 
Synthesis, Structure and Properties 
of [Pt(AuPPh3) 8 ](N0 3 ) 2 
3.1 Introduction 
The synthesis, structure and reactivity of gold cluster compounds have been studied 
over the last 15 years.[14, 38] Metal-vapour technology is an attractive method for their 
synthesib, although this can also be achieved by the reduction of Au(I) compounds with 
NaBH^ or ТЦ^-СоНіСНзЬ· We also found that Нз and CO can be used successfully 
under mild conditions (room temperature and atmospheric pressure).[39] Heterometal-
lic cluster compounds are currently attracting much interest and recently some mixed 
platinum-gold clusters have been reported.[31, 18, 33, 16] 
In the course of our investigations into the reaction of АиРРЬзМОз and Рі(РРЬз) 3 
with CO,[33] which leads to the formation of [Різ(/
і2-СО)зАи(РР1із)5]+ and [Рі(РРЬз)-
(AuPPlvOfl]2', we also studied the reaction of H2 with AuPPhsNCb and either Рі(РРЬз)з 
or Рі(ССЮ)(КОз)2 (COD = cyclo-octadiene). Depending on the reaction conditions, two 
Pt-Au cluster compounds could be obtained: [Pt(AuPPh 3 ) 8 ] 2 + and/or [Рі(Н)(РРЬз)-
(АиРРЬз)7]2 +. This work has also been published in 16 and 12. 
3.2 Experimental Section 
3.2.1 Measurements 
C. H and N analysis were carried out in the micro-analytical department of the Univer­
sity of Nijmegen and the other analyses by Dr. A. Bernhardt, Elbach über Engelskirchen, 
FRG. ' ' Р ^ Н } NMR spectra were recorded on a Varian XL-100 spectrometer operating 
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at 41.5 MHz using CH2CI2 solutions and TMP as internal reference, 195Pt NMR spectra 
were recorded on a Bruker VVM 200 machine at 43.02 MHz using CD2CI2 solutions and 
PtClg" in D2O as reference. Infrared spectra were recorded on a Perkin Elmer 283 spec-
trophotometer. UV-vis spectra of CH2CI2 solutions were recorded on a Perkin-Elmer 
Lambda 2. Mößbauer spectra were measured in the Kamerlingh Onnes Laboratorium of 
Leiden University with a spectrometer described elsewhere. [17] Fast atom bombardment 
mass spectrometry (FABMS) measurements were carried out with a VG Analytical Ltd. 
7070 Ε-HF high-resolution double-focusing mass spectrometer at the University of Min­
nesota. A m-nitrobenzyl alcohol matrix was used, and mass calibration was achieved 
with reference spectra of Csl clusters. Calibration was checked before and after acqui­
sition of data with a maximum error of 0.3 Da. Details of the experimental procedure 
can be found elsewhere. [18] 
3.2.2 Preparat ions 
Pt(COD)Cl2,[40] AuPPhjNOs.llQ] Рі(РР1і3)з,[20] and [Рі(Н)(РР1і3)(АиРРІіз)т](1«)з)2 
[16, chapter 2] were prepared according to literature methods. The other reagents were 
obtained from commercial sources and used without further purification. 
P t ( C O D ) ( N 0 3 ) 2 
To a solution of 500 mg Pt(COD)Cl2 in 50 mL of CHjCb a solution of 1 g AgNOs in 
50 mL methanol was added. After stirring for half an hour, the white precipitated AgCl 
was filtered off and the solution evaporated to dryness giving a white solid. This was 
redissolved in 200 mL CH2CI2 and filtrated. A white product was precipitated by adding 
300 mL of diethyl ether. This was filtered off. washed with ether and dried in vacuo. 
Elemental analysis for PtCeH^NsOe calculated: С 22.49%; H 2.83%;N 6.56%; found: 
С 22.34%; H 2.82 % and N 6.45%. 
Caution: Pt(COD)(N03)2 should be handled with care. From the reaction of Pt-
(COD)(N03)2 with CO, a black product was isolated and an explosion occurred. It is not 
clear whether the reaction product or unreacted Pt(COD)(N03)2 caused the explosion. 
[Рі(АиРР1із)8](ГЧОз)2 
This compound can be prepared by several methods: 
• A solution of 200 mg AuPPhaNOs and 52 mg РЦСОО)(КОз)2 (molar ratio 5:1) 
in 20 mL THF was exposed to H2 at room temperature and atmospheric pressure 
for 48 hours. The dark-brown solution was evaporated to dryness. The solid 
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residue was recrystallized by slow diffusion of diethyl ether into a filtrated methanol 
solution of the compound; yield 50%, calculated for Pt. 
• A mixture of 100 mg Рі(РРЬд)з (handled under nitrogen cover) and 318 mg Au-
РРЬзМОз (molar ratio 1:6) in acetone solution was exposed to H2 at room tem­
perature and atmospheric pressure. After 24 hours, the colour had changed from 
orange to brown-red and a white solid [Аи(РР1із)2](ІЧОз), had precipitated. This 
was filtered off and the filtrate was evaporated to dryness. The residue was redis-
solved in methanol and, after filtration, diethyl ether was added. After two days. 
crystals of different colour and size were formed. The large dark crystals were sep­
arated by hand and recrystallized from methanol/diethyl ether (1:1); yield 10%, 
calculated for Pt. 
• To a solution of 50 mg of РЦСОВКМОзЬ and 185 mg AuPPhaNOa (molar ratio 
1:3) 22.2 mg NaBH4 was slowly added. The solution darkened immediately. After 
1 hour, it was evaporated to dryness and the residue was redissolved in CH2CI2. 
After filtration, brown crystals were precipitated by adding diethyl ether. The 
crystals were filtered, washed with diethyl ether and dried in vacuo; yield 60%, 
calculated for Pt. 
• To a solution of 200 mg of [Рі(Н)(РР1із)(АиРРЬз)7](ІЧОз)2 in 100 mL CH2C12 
three drops of N(€2115)3 and 60 mg AuPPhsNOa were added. The red solution 
darkened immediately and, after 24 hours, it was evaporated to dryness. The dark 
residue was redissolved in methanol and brown crystals were precipitated by adding 
diethyl ether. The crystals were filtered off washed with a methanol/diethyl ether 
(1:1) mixture and dried in vacuo; yield 70%, calculated for Pt. 
Elemental analysis for P tAuePgCmH^o^Oe calculated: С 43.30%; H 3.01%; Ν 
0.70%; Pt 4.88%; Au 39.49%: found: С 42.50%; H 3.08%; Ν 0.70%; Pt 5.30% Au 
39.60%. 
Infrared spectrum shows in addition to the bands due to PPIVJ only a band at 1360 
cm
 1
, which is characteristic for uncoordinated NO3. The UV-vis spectrum shows ab­
sorptions bands at 428 nm (log£ 4.36), 352 nm (logF 4.64) and 302 nm (loge 4.93) with 
shoulders at 370, 330 and 316 nm. 3 1 P NMR: AuP δ = 55.35 ppm with 2 J ( P - 1 9 5 P t ) 
(doublet) 496.7 Hz. 1 9 5 P t NMR: δ = -4528.3 ppm with 2 J ( P t - 3 1 P ) (nonet) 496.9 Hz. 
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3.2.3 Structure Determination of 
[ P t ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 
Collect ion of X-ray D a t a 
Single crystals were obtained by slow diffusion of diethyl ether into a methanol solution 
of the compound. To slow down the rate of decomposition, due to loss of solvent, 
the crystals were mounted in a sealed capillary with a drop of methanol/diethyl ether 
mixture. The crystals decomposed after several hours or days. Several crystals were used 
for the data collection. The best results were obtained from a crystal of approximately 
0.3x0.3x0.3 mm. The data collection was interrupted after decomposition of the crystal. 
The drift factors of the three reference reflections were oscillating in the range 0.84-1.06, 
0.97-1.02 and 1.00-1.73, respectively. These fluctuations are ascribed to instability of the 
mounting. The reflections were corrected for the average drift factor (range: 0.95-1.09). 
An incomplete asymmetric set of reflections was measured up to θ = 75°. The unit cell 
dimensions were calculated from the setting angles of 25 reflections with 11° < 2Θ < 13°. 
The crystal data and the experimental details are listed in Table 3.1. A profile analysis 
was performed on all reflections.[21. 22] After correction for Lorentz and polarization 
effects and after an empirical absorption correction,[23] the equivalent reflections were 
averaged (R
av
 = Σ ( | | ί Ί — | ί Ί | ) / Σ Ι·?Ί = 0.064, including all reflections). Spherical 
absorbtion correction was applied (^я = 2.5). No extinction correction was applied. 
Solut ion a n d Ref inement of t h e S t r u c t u r e 
The positions of the heavy atoms (Au, Pt and Ρ) were found automatically by PAT-
SYS,[24] which combines the Patterson part of SHELXS-86 [25] and DIRDIF.[26] The 
remaining phenyl carbons were positioned from successive difference Fourier maps. The 
phenyl rings were treated as rigid groups with ideal geometry. The remaining peaks in 
the difference Fourier syntheses could be interpreted as a slightly disordered nitrate ion. 
The hydrogen atoms were placed at calculated positions. The structure was refined by 
full-matrix least squares on F values, using SHELX [27] to a conventional fí-factor of 0.12 
for 5021 'observed' reflections and 238 variables, using group refinement techniques for 
idealized phenyl groups and the nitrate ion. Scattering factors were taken from ref. 28. 
The rather high Л-index is the result of experimental problems; the automatic solution 
of the phase problem led unambiguously to the structure presented here. Positional and 
thermal parameters are given in Table 3.2, selected bond distances in Table 3.3 and bond 
angles in Table 3.4. 
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formula C i ^ H ^ o A u g ^ O e P t 
cryst.syst. monoclinic 
α 17.26(1) Â 
6 37.55(3) Â 
с 25.38(1) Â 
V 16224.2 Â3 
p(caled) 1.634 gem"3 
color brown 
diffractometer Nonius CAD4 
monochromator graphite 
tranmission fact. 
min-max 0.63-1.48 
mol.wt 
space group 
β 
Ζ 
size 
temperature 
radiation 
/x(CuKa) 
scan method 
max. scan speed 
check refl. 3 check freq. 
variation 8% decrease 
scan range 0 < 2Θ < 75° 
total refi. 6484 
observed refl. 5021 with F > 6a(F) 
no. of variables 238 
R 0.12 
data collection 
unique refl. 
weighting 
К 
3993.1 
C2/c 
99.58(4) 0 
4 
0.3x0.3x0.; 
298 К 
CuK« (A = 
161.4 cm" 1 
ω - 2Θ 
15 s/refl 
2/hr 
incomplete 
1 mm. 
 1.54178 Â) 
asymmetric 
6044 
1/((72(F) + 0.0008F2) 
0.17 
Table 3.1: Crystal data and experimental details for the X-ray diffraction 
(AuPPh s)e](NOs)2 . aRw = vEu»(|Fol - 1^1)7 Σ w\F0\*. 
Atom χ y ζ 
P t l 0.50000 0.63650(9) 0.2500 
Aul 0.59870(13) 0.66257(6) 0.3315(1) 
Au2 0.41087(13) 0.66485(6) 0.3139(1) 
Au3 0.64277(13) 0.61041(6) 0.2598(1) 
Au4 0.50135(13) 0.60367(6) 0.3420(1) 
P I 0.6629(8) 0.6975(4) 0.3978(6) 
P2 0.3281(8) 0.7056(4) 0 3393(6) 
P3 0.7430(8) 0.5712(5) 0.2641(7) 
P4 0.5082(8) 0.5632(4) 0.4098(6) 
V
eq (x 100) 
0.3(2) 
2.8(1) 
2.9(1) 
3.0(1) 
2.7(1) 
3.6(6) 
3.0(6) 
4.0(7) 
3.3(6) 
study of [Pt-
Table 3.2: Selected fractional positional and thermal parameters (Â2) (with esd's). 
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Pt -Aul 2.640(3) 
Pt -Au2 2.638(3) 
Aul-Au2 3.200(4) 
Aul-Au3 2.862(4) 
Aul-Au4 2.817(4) 
Aul-Pl 2.27(2) 
Au2-P2 2.27(2) 
Pt -Au3 
Pt -Au4 
Au2-Au4 
Au3-Au4 
Au3-P3 
Au4-P4 
2.626(3) 
2.636(3) 
2.800(4) 
3.474(4) 
2.26(2) 
2.28(2) 
Table 3.3: Selected bond lengths (Â) (with Esd's) 
Aul-Pt -Au2 
Aul-Pt -Au3 
Aul-Pt -Au4 
Pt -Aul-Au2 
Pt -Aul-Au3 
Pt -Aul-Au4 
Pt -Au2-Aul 
Pt -Au2-Au4 
Au2-Aul-Au3 
Au2-Aul-Au4 
Au3-Aul-Au4 
Aul-Au2-Au4 
Pt -Aul-Pl 
Pt -Au2-P2 
74.65(8 
65.85(8 
64.55(8 
52.64(7 
56.84(8 
57.67(8 
52.70(7 
57.87(8 
107.4(1 
55.09(9 
75.4(1 
55.50(9 
165.2(4 
155.5(4 
Au2-Pt -Au3 
Aii2-Pt -Au4 
Au3-Pt -Au4 
Pt -Au3-Aul 
Pt -Au3-Au4 
Pt -Au4-Aul 
Pt -Au4-Au2 
Pt -Au4-Au3 
Aul-Au3-Au4 
Aul-Au4-Au2 
Aul-Au4-Au3 
Au2-Au4-Au3 
Pt -Au3-P3 
Pt -Au4-P4 
136.64(8 
64.22(9 
82.64(9 
57.31(8 
48.82(6 
57.78(8 
57.91(8 
48.55(7 
51.70(8 
69.4(1 
52.87(8 
101.8(1 
161.2(5 
165.9(4 
Table 3.4: Selected bond angles (0) (with Esd's). 
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3.3 Results and Discussion 
3.3,1 Structure of the Metal Cluster 
The molecular structure is shown in Figure 3.1. 
Figure 3.1: Molecular structure of [Рі(АиРРЬз)8](КОз)2 as determined by X-ray analy­
sis. 
The X-ray analysis of [Рі(АиРРЬз)8](МОз)2 does not distinguish Pt from Au. For­
tunately, however, NMR results clearly reveal the position of the Pt. The 31P-NMR 
spectrum consists of one singlet at 55.35 ppm with 1 9 5 Pt satellites. The low value of the 
Pt-P coupling constant, 496.7 Hz, clearly shows it to be a 2J(P-1 9 5Pt) coupling, so there 
is no phosphine coordinated to the platinum. The 1 9 5Pt NMR spectrum shows that the 
platinum nuclear spin is coupled to eight equivalent phosphorus atoms. The absence of 
hydrogen in this cluster is unambiguously established by the absence of 1H couplings 
in the 195Pt-NMR spectrum. Since the eight peripheral metal atoms are coordinated to 
a phosphine, they all must be Au, with Pt in the center of the metal framework. The 
PtAu8 skeleton is that of a centred crown i.e. a centred square antiprism which has un­
dergone a distortion perpendicular to the Ss axis such that the connections in the squares 
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are non-bonding, since their lengths lie in the range of 3.2 to 3.5 Â. The Au-Au connec-
tions in the crown are 2.80-2.86 A which is in the range normally found for peripheral 
Au-Au bond lengths in cluster compounds. The radial Pt-Au bond lengths are 2.63-2.64 
À, which is in the range observed in [Рі(РР1із)(С=С-^-Ви)(АиРРЬз)
в
] ' .[31] The Au-P 
bond lengths (average 2.27 A) are within the normal range found for gold-phosphine 
cluster compounds. 
The structure of рЧ(АиРР1із)8](МОз)2 is very similar to thai of the golden brown 
modification of [Аи(АиР(р-СоН40Ме)з)8]3~.[41] Both cluster ions are isoelectronic and 
have 112 valence electrons, including the six σ-electrons which fill the S", PJ and PJ 
cluster molecular orbitals, resulting in a (5σ)2(Ρσ)Α electron configuration. The topo­
logy is thus related to a ring or torus.[42] The green modification of [Аіі(АііР(р-Сб-
ІІ40Ме)з)в]3 +, as well as [Аи(АиРРЬз)8]3 + and [Аи(АиР(р-С0Н4Ме)з)8І3+, also have a 
toroidal arrangement of peripheral metal phosphines, but their geometry is more related 
to that of an icosahedron fragment. The factors governing the relative stability of the 
crown and the icosahedron fragment are not clear at the moment. The UV-vis spectrum 
is remarkably similar to that of the A u ^ cluster ions,[41] indicating that they could have 
roughly the same average structure in solution and that replacement of the central Au 
by Pt has little influence. 
3.3.2 Fast Atom Bombardment Mass Spectroscopy 
[Рі(АиРР}із)8](МОз)2 is easily prepared starting from [Рі(Н)(РРЬз)(АиРРЬз)7] 2 + ac­
cording to equation 3.1. 
[Рі(Н)(РР1із)(АиРРЬз)7]2+ + NEt 3 + гАиРРЬ, -> 
[Pt(AuPPh3)8]2 + + HNEtJ + Au(PPh s ) í (3.1) 
This preparation requires a base such as NEts suggesting that the hydride is removed. 
The reverse reaction, equation 3.2 requires H+ , which again indicates that no hydride is 
present in [Рі(АиРРЬз) 8 ](\Оз) 2 . 
[Pt(AuPPh3) 8] 2 + + H + + 2РРЬз -» 
[Рі(Н)(РРЬз)(АііРР1із)7]2 + + Аи(РРЬз)2+ (3.2) 
The molecular composition [Рі(АиРРЬз)
в
](КОз)2 was confirmed by FABMS. This 
has been shown to be a successful technique for the determination of the correct molecular 
composition of cationic cluster compounds.[18] The positive FABMS in the 1000-4000 
mass range has a great number of peaks; those with the highest mass as well as their 
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Relative 
Mass 
3868 
3668 
3606 
3406 
3344 
3147 
abundance 
7 
65 
55 
70 
100 
12 
Assignment. 
( M ) + 
( M . p P h 3 + N 0 3 ) + 
(M-PPhs) 4 
( М - 2 Р Р Ь з + Ш з ) + 
(М-2РРЬз)+ 
(М-2РР1із-АиГ j 
Table 3.5: Positive ion FABMS data for [Рі(АиРРЬз) 8](М0 3) 2 (M = РіАи8Н(РР1із)8). 
assignments are given in Table 3.5. Each peak consists of a complex envelope due to 
the various isotopie combinations for a given molecular formula. A complete simulation 
of isotopie combinations gave a distribution pattern that closely matched the observed 
pattern, which is shown for the two heaviest fragments in Figure 3.2. This provides strong 
SO'V 
.38683 
© S V 
3866 звбв зет 
1 , i ' 
m 42 
® 
i l i l M •• 
3664 3666 3668 3670 3672 36% MASS 
Figure 3.2: Positive ion FABMS for (M) * (A) and {М-РРЬз+КОз) + (В). Observed (solid 
line) and simulated (dashed line) isotopie distributions for the expanded peaks. 
evidence that the formula of M is correct and no hydride is present in [Pt(AuPPh3) 8 ] 2 + . 
3.3.3 Moßbauer spectrum 
The 197Au Moßbauer spectrum is shown in Figure 3.3. The best fit for the experimental 
curve is obtained with a simulation of a quadrupole pairs with an isomer shift (IS) of 
2.49 mm/s and quadrupole splitting (QS) of 7.05 mm/s. 
This spectrum is very similar to that found for [Аи(АиРРЬз)8](^тОз)з which showed 
a quadrupole pair with an isomer shift of 2.1 mm/s and a quadrupole splitting of 6.6 
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Figure 3.3: 197Au Mößbauer spectrum of [РЦАиРРЬз)8](Шз 
mm/s. The new data fit well with the general relation between IS and QS.[14, 43] and 
indicate that Au is linearly hybridized. 
Chapter 4 
Reaction of CO with 
[Pt(AuPPh3) 8 ] 2 +. 
The Crystal Structure of 
[Pt(CO)(AuPPh 3 ) 8 ](NO3) 2 .2C 4 H 1 0 O 
•ЗСНоСІо 
4.1 Introduction 
Gold cluster compounds are known with cluster composition Aun+^PRs),, ^Xj. (X=C1, 
Br, I, CN, SCN, CNR; η between 7 and 12 and χ between 0 and 3), which have a 
central Au surrounded by η peripheral АиРЕз or AuX groups.[14, 44] The formula 
Аи(АиРЕз)
п
_
І
(АиХ)
І
 that we will use here focuses attention on the connectivity of the 
central atom. Peripheral interactions, although important in the bonding of the cluster, 
are not indicated in such formulas. [Аи(РЕз)(АиРЕз)7]2 + is the only known cluster 
where in addition to seven Au atoms one PR3 is directly bonded to the center. This 
cluster reversibly looses PR3 as shown in reaction 4.1. 
[Au(AuPR3)7]2 i + PR3 ^ [Au(PR 3)(AuPR3) 7] 2 + (4.1) 
In such addition reaction the (5 σ ) 2 (Ρ < τ ) 4 cluster orbital configuration is completely filled 
to (S< r)2(P'') e.[2, 42] Addition compounds of the type [Аи(Х)(АиРЕз) 8]п + could not be 
detected up till now, although such compounds could be possible on steric grounds and 
on the fact that [Au(AuPR3)8]3+ can be reduced to [Аи(АиРЕз)8]^ with the (3 < 7 ) 2 (Ρ σ ) 6 
configuration.[45] PtAu
n
 metal clusters have been known since a few years. In these 
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compounds, Pt is the central atom but there is a greater variety of peripheral groups. 
In addition to АиРРЬз in [Рі(АиРРЬз) 8 ] 2 + [16] and in the other known PtAu n clusters, 
there is PPha in [Pt(PPh3)(AuPPh3)e]2+,[18] PPhg and C=C-t-Bu in [Рі(РРЬз)(С=С-
t-Bu)(AuPPh3)e]+,[31] РРЬз and NO3 in [Рі(РРЬз) 2(.\Оз)(АиРРЬз)2]+ [18] and PPhs 
and H in [Рі(Н)(РР1із)(АиРР1із)7]2+.[15] In this chapter the addition of CO to [Pt(Au-
РРЬз)8]2 + in which [Рі(СО)(АиРРЬз) 8] 2 + is formed is described.[13, 46] 
4.2 Experimental Section 
4.2.1 Measurements 
C, H and N analysis were carried out in the micro analytical department of the University 
of Nijmegen. The other analysis were measured by Dr. A. Bernhardt, Elbach über 
Engelskirchen, FRG. Proton decoupled 31P NMR spectra were recorded in СН2СІ2 on a 
Varian XL 100 FT at 4—0.5 MHz with TMP reference. 1 3 C NMR spectra were recorded 
on a Bruker WM 200 instrument in CDjClj vs TMS. 1 9 5 P t NMR spectra were recorded 
on a Bruker WM 200 instrument in CD2CI2 with [PtCl 6 ] 2 " in D2O as external reference. 
1 H NMR spectra were recorded on a Bruker WH 90 instrument in CD2CI2 vs TMS. 
Infrared spectra were recorded on a Perkin-Elmer 283 instrument in Csl pellets. 
4.2.2 Preparat ion of the Compounds 
[РЦАиРР1із)8]2 + was prepared by published methods.[12, chapter 3] The other reagents 
were obtained from commercial sources and were used without further purification. Sol­
vents were dried prior to use by standard procedures. 
[ P t ( C O ) ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 
A 200-mg (50-μιηο1) sample of [Рі(АиРРЬз) 8 ] 2 + was dissolved in 50 mL of acetone. 
CO was bubbled through the solution at room temperature and atmospheric pressure, 
turning the brown-red solution immediately into a bright-red one. The acetone so­
lution was evaporated to dryness and the remaining red solid was washed with di­
ethyl ether and dried in vacuo; yield 200 mg (50 /ІПІОІ). The isotopically labelled 
[Pt(1 3CO)(AuPPh3)8](N03)2 was prepared by the same procedure, using 1 3 CO gas. 
Elemental analysis for PtAugPeCHsH^uNzOy calculated: С 43.31%; Η 3.01% and N 
0.70%, found: С 42.96%; Η 3.13% and N 0.71%. 
Infrared: v(CO) 1940 cm" 1 , u{nCO) 1900 cm" 1 . 3 1 P NMR: δ = 51.3 ppm with 2 J ( P -
1 9 5 P t ) (doublet) 391 Hz. 1 3 C NMR: 1 3 CO δ = 210.7 ppm with Ч(С-195Рі) (doublet) 
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1256 Hz and 3J(C- 3 1P) (nonet) 11 Hz. The 31P NMR spectrum of the 1 3C0 labelled 
compound showed a doublet at δ = 51.3 ppm with 3 J ( P - 1 3 C ) = 11 Hz and Pt satellites 
with V ( P - 1 9 5 P t ) = 391 Hz. 1 9 5 P t NMR: δ = -5456.7 ppm with 2 J ( P t - 3 1 P ) (nonet) 
390.5 Hz. Crystals suitable for X-ray analysis could be obtained by slow diffusion of 
diethyl ether into a dichloromethane solution of [Pt(CO)(AuPPh 3) 8](N03)2. The red 
crystals contained 2 mol of diethyl ether and 2 mol of dichloromethane/mol of cluster, 
as was determined by Ή NMR spectroscopy. The solvent molecules were readily lost 
when in contact with air, destroying the crystallinity of the sample. 
4.2.3 S t r u c t u r e D e t e r m i n a t i o n of [Рі(СО)(АиРР1із) 8 ](Г ГОз)2 
• 2 С 4 Н і о О - 2 С Н 2 С І 2 
Collection and Reduction of Crystallographic D a t a 
Since single crystals decomposed very quickly upon removal from the solvent mixture, a 
crystal was mounted in a capillary together with a drop of a mixture of dichloromethane 
and diethyl ether. The unit cell dimensions were calculated from the setting angles of 
25 reflections with 38° < 2 < 66". The crystal data and experimental details are listed 
in Table 4.1. 
A total of 12958 (h,k,±l) reflections with 6° < 2(9 < 120° were recorded. After 
the intensities had decreased to 66% of their initial values, due to decomposition of the 
crystal, a new crystal was mounted. With this a total of 13018 (h,—k,±l) reflections were 
recorded. The intensities of the standard reflections then decreased to 83% of their initial 
values. The two reflection sets were scaled. After correction for Lorentz and polarization 
effects, the equivalent reflections were averaged (R
av
 = [Edl^ol - l-^ID/E Ι^ ΌΙ] = 0.057, 
including all reflections). No extinction correction was performed. 
Solution and Refinement of the Structure 
The positions of the heavy atoms (Au, Pt and Ρ) were found automatically by PAT-
SYS,[24] which combines the Patterson part of SHELXS-86 [47] and DIRDIF.[48] The 
remaining carbon atoms and phenyl carbons were positioned from three successive dif­
ference Fourier maps. The phenyl rings were treated as regular hexagons, and their 
hydrogen atoms were placed at ideal positions. The structure was refined by full-matrix 
least squares on F values, using SHELX.[27] Scattering factors were taken from ref 28. 
Isotropic refinement converged to R = 0.103. At this stage an empirical absorption cor­
rection was applied,[29] resulting in a further decrease of R to 0.094 (correction factors 
were in the range of 0.81-1.38). A large number of peaks, found at positions between the 
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formula 
cryst.syst. 
0 
b 
с 
V 
p( caled) 
color 
diffractometer 
monochromator 
scan method 
check refl. 
variation 
scan range 
total refl. 
observed refl. 
no. of variables 
R 
Table 4.1: Crysti 
C 1 5 4 H H 4 A U 8 C 1 4 N 2 
monoclinic 
23.579(3) Â 
24.117(3) A 
31.008(6) A 
16449.0 A3 
1.641 gem"3 
mol.wt 
space group 
ß 
size 
red ! temperature 
Nonius CAD4 radiation 
graphite ß(CuKa) 
ω - 2Θ max. scan speed 
3 
34% decrease 
check freq. 
data collection 
6 < 2Θ < 120° 
25976 ! unique refl. 
8426 with F > 6σ{Ρ) weighting 
226 
0.051 
il data and experiment 
Ra 
al details for the 
4117.2 
C2/c 
109.23(3) ° 
4 
0.2 χ 0.4 χ 0.7 mm. 
293 К 
CuKa (λ = 1.54184 A) 
160.23 cm" 1 
15 s/refl 
2/hr 
h, ±k, ±1 
12324 
l / ( a 2 ( F ) + 0.0008F2) 
0.076 
X-ray diffraction study о 
[Pt(CO)(AuPPh3)8](N03b-2C4H1oO-2CH2Cl2 aRw = ^w(\F0\- \Fe\)4 Σ w\F0\'. 
cluster ions (at distances more than 3.5 A from any atom), could not unambiguously be 
interpreted. They are ascribed to a mixture of (disordered) nitrate ions (expected: one 
independent ion), and solvent molecules (expected: one independent dichloromethane 
molecule and one independent diethyl ether molecule). Some of these peaks suggested 
the geometry of nitrate or the solvent molecules; but none of them were found well 
enough to warrant inclusion in the refinement. (There are at least six positions between 
the cluster-ions which are large enough to accommodate nitrate or dichloromethane). 
During the final stage of the refinement the anisotropic parameters of the gold, platinum 
and phosphorus atoms were refined. The phenyl groups were treated as rigid groups 
during the refinement. The hydrogen atoms were given fixed isotropic temperature fac­
tors of 0.05 A2. Positional and thermal parameters are given in Table 4.2, selected bond 
distances in Table 4.3 and angles are provided in Table 4.4. 
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Atom 
Pt 
Au2 
Au3 
Au4 
Au5 
P2 
P3 
P4 
P5 
CI 
0 1 
χ 
0.50000 0.36415(3) 
0.38282(3) 0.37613(3) 
0.45319(3) ¡ 0.27359(3) 
0.57653(3) 
0.48118(4) 
0.2903(2) 
0.4101(2) 
0.6433(2) 
0.4741(2) 
0.31592(3) 
0.32809(3) 
0.4149(2) 
0.1956(2) 
0.2895(2) 
0.4321(2) 
0.50000 ' 0.443(1) 
0.50000 0.489(1) 
ζ 
0.25000 
0.23997(2) 
0.27318(2) 
0.32549(2) 
0.32809(2) 
0.2297(2) 
0.2919(2) 
0.3952(2) 
0.3905(2) 
0.25000 
0.25000 
U
e
, (xlOO) 
2.92(3) 
4.39(3) 
4.06(3) 
3.90(3) 
4.98(3) 
5.7(2) 
5.1(2) 
4.3(2) 
5.6(2 
6.2(7) 
9.7(7) 
Table 4.2: Selected fractional positional and thermal parameters (A2) (with esd's) 
Pt-Au2 
Pt-Au4 
Au2-Au3 
Au2-Au5' 
Au3-Au4 
Au3-Au3' 
Au4-Au5 
Au2-P2 
Au4-P4 
Pt-Cl 
2.692(1) 
2.703(1) 
2.967(1) 
4.387(1) 
3.004(1) 
3.005(1) 
2.833(1) 
2.299(5) 
2.306(4) 
1.896(29) 
Pt-Au3 
Pt-Au5 
Au2-Au5 
Au2-Au4' 
Au3-Au5 
Au3-Au4' 
Au4-Au4' 
Au3-P3 
Aii5-P5 
Cl-Ol 
2.651(1) 
2.654(1) 
2.954(1) 
2.903(1) 
3.150(1) 
3.079(1) 
4.881(1) 
2.302(4) 
2.285(4) 
1.126(30) 
Table 4.3: Selected bond lengths (Â) (with esd's). 
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Au2-Pt-Au3 
Au2-Pt-Au5 
A^-Pt-AuS' 
Au2-Ft-Au5' 
Au3-Pt-Au5 
AuS-Pt-Au^ 
Au4-Pt-Au5 
Au4-Pt-Au5' 
Pt-Au2-P2 
Pt-Au4-P4 
Au2-Pt-Cl 
Au4-Pt-Cl 
Pt-Cl-01 
67.46(3) 
67.08(3) 
124.07(4) 
110.31(3) 
72.86(3) 
70.21(3) 
63.84(3) 
127.62(4) 
162.04(13) 
170.22(11) 
83.84(4) 
115.49(3) 
180.0 
Au2-Pt-Au4 
Au2-Pt-Au2' 
Au2-Pt-Au4, 
Au3-Pt-Au4 
Au3-Pt-Au3' 
Au3-Pt-Au5 
Au4-Pt-Au4' 
Au5-Pt-Au5' 
Pt-Au3-P3 
Pt-Au5-P5 
Au3-Pt-Cl 
Au5-Pt-Cl 
120 88(3) 
167.68(4) 
65.11(3) 
68.25(3) 
69.05(3) 
128.28(3) 
129.02(3) 
157.27(4) 
178.49(13) 
161.61(13) 
145.47(4) 
78.64(3) 
Table 4.4: Selected bond angles (deg) (with esd's). 
4.3 Results and Discussion 
4.3.1 Synthesis and Characterization of [Рі(СО)(АиРРЬз)8]-
(NOsb 
A solution of [Pt(AuPPh3) 8 ] 2 + in acetone reacts rapidly with CO giving [Pt(CO)(AuP-
Phsje]2"1" in high yield. [Рі(СО)(АиРРЬз) 8] 2 + was characterized by elemental analysis, 
IR, 3 1 P NMR and 1 3 C NMR spectroscopy and its solid-state structure was determined 
by a single-crystal X-ray analysis (vide infra). The cluster ion has a central Pt atom 
attached to CO and eight АиРРІіз groups as shown in Figure 4.1. 
The 3 1 P NMR spectrum of [Рі(СО)(АиРРЬз) 8] 2 + is in agreement with this structure 
and consists of a singlet at δ = 51.3 ppm with Pt satellites with 2 J ( P - 1 9 5 P t ) = 391 Hz. 
These data are similar to those of [Рі(АиРРЬз) 8 ] 2 + (δ = 55.3 ppm and 2 J ( P - 1 9 5 P t ) = 
497 Hz). The low value of 7 ( 1 9 5 P t - 3 1 P ) indicates it to be a 2J coupling, which proves 
Pt to be the central atom in the cluster. The singlet nature of the Ρ resonance could 
be due to a fast fluxionality of the cluster equilibrating the phosphines, a phenomenon 
often observed in the analogous homonuclear Au clusters. [49] 
The 1 3 C NMR recorded of an isotopically labelled [Pt(1 3CO)(AuPPh3)8](N03)2 shows 
a nonet at δ = 210.7 ppm with 3 J ( C - 3 1 P ) = 10.9 Hz and Pt satellites at ^ ( C - ^ P t ) 
= 1256.5 Hz. These data show that CO is bonded to the central Pt atom. The CO 
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Figure 4.1: The X-ray structure of [Рі(СО)(АиРРЬз) 8] 2 + . Phenyl groups are omitted 
for the sake of clarity. 
stretching frequency, as observed in the IR spectrum, is at 1940 c m - 1 (for 1 3 CO at 1900 
c m "
1 ) . This is very close to the 1930 cm" 1 found for Р^РРЬз)з(СО) and it is at the 
lower limit of the range found for the terminal CO in homonuclear Pt carbonyl cluster 
compounds of the type [Pt3(CO)e]^".[50] This suggests that the charge on the platinum 
is very low or even negative. 
The fast reaction of [Pt(AuPPh3) 8] 2 + with CO to give [Pt(CO)(AuPPh3) 8 ] 2 + is 
in striking contrast with the isoelectronic [Аи(АиРР1із)8]3* which shows no reaction 
with CO. We think that this inertness is not caused by more severe steric hindrance 
around the central atom but is mainly due to electronic differences. The frontier Or­
bitals in [Pt(CO)(AuPPh3) 8 ] 2 + are at higher energy than in [Аи(АиРР1із)8]3+, as con­
cluded from the 0.5 V lower E1/2 value for its reduction.[16, 51] The frontier orbitals in 
[Pt(CO)(AuPPh3) 8 ] 2 + therefore better match the CO σ and π* orbital energies. In this 
respect these cluster compounds reflect the great difference in stability of the mononu­
clear Pt and Au carbonyl complexes. 
4.3.2 The X-ray determined structure of [Pt(CO)(AuPPh3) 8] 2 H 
The molecular structure of the cluster ion is shown in Figure 4.1. The NMR study has 
given evidence that the central atom is Pt. CO is attached to the central Pt, which 
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is further bonded to eight Au atoms, giving the Pt atom a coordination number of 
nine. РРЬз groups with normal bond lengths and angles are bonded to each of the 
peripheral Au atoms. The Pt-Au bond lengths are 2.65-2.70 Â, and are definitely longer 
than those in the parent cluster [Pt(AuPPh3)8]2+ (2.63-2.64 Â), but still shorter than the 
intermetallic distances in Pt-Au alloys (2.77 - 2.88 A).[52] The distances between adjacent 
Au atoms are in the range 2.83-3.15 Â, which are longer than in [Рі(АиРРЬз)8]2*, 
where they are 2.80-2.86 Â. Au-P bond lengths are 2.285-2.306 A, slightly longer than in 
[Pt(AuPPh3)8]2+ (2.25-2.29 Â). The Pt-C bond distance is 1.896 Â, and similar to 1.86 Â 
found for Pt(PPh3)3(CO),[53] which has also about the same ^(CO). In the homonuclear 
Pt carbonyl clusters [Різ(СО)
в
]2~, the Pt-C bond distances for the terminal carbonyls 
are significantly shorter (1.77-1.88 Â),[54] although their ^(CO) values are higher. The 
C-0 bond length in [РЦСО)(АиРРЬз) 8] 2 + (1.126 A) is in the normal range found for 
metal carbonyls. 
The structure of [Pt(CO)(AuPPh3) 8] 2 + is interesting in comparison with that of 
[Pt(AuPPh3) 8 ] 2 t . Both structures are shown in Figure 4.2. The CO causes the AuPPhs 
Figure 4.2: The structures of рЧ(АиРР1із)8]2 + and [РЦСО)(АиРР1із) 8]2 +. Phenyl 
groups are omitted for the sake of clarity. 
groups to bend outward, thus lowering the S 8 symmetry of [Pt(AuPPh3) 8 ] 2 + into C2. 
The toroidlike [Pt(AuPPh3)8]2 + is changed into a more spherically filled cluster [Pt(CO)-
(АиРР1із)8]2 +, which is in accord with the change in cluster electron configuration from 
(S< 7) 2(P'') 4 into (5σ)2{Ρσ)6 (vide infra). The increased coordination number and change 
in electronic configuration, and therefore hybridization, of Pt results in a weakening of 
the metal interactions, as reflected in the increased bond lengths and in the decrease of 
2 J ( 3 1 P - 1 9 5 P t ) from 497 Hz in [Pt(AuPPh3) 8] 2 + to 391 Hz in [РЦСО)(АиРР1із)8]2 +. 
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The metal framework of [Pt(CO)(AuPPh3)8]2+ is reminiscent of the (100) plane of 
the face centred cubic lattices of Pt and Au (with lattice constants of 3.92 and 4.07 Â, 
respectively). This is shown in Figure 4.3, where deviations from the ideal lattice points 
are indicated in a perspective sketch and in a scaled projection on (100). Although 
• O 
3' 
Figure 4.3: The similarity of [Pt(CO)(AuPPh3)8]2+ and the face centred cubic lattice. 
a: perspective sketch, b: a scaled projection on (100) · = ideal lattice point. 
the deviations are significant the overall similarity is striking. The steric hindrance of 
the phosphines is illustrated in Figure 4.4, where a sketch is made along the pseudo 
(011) plane (that is the plane through Au2, Pt, Au2', С and O). Tolman cones [55] are 
shown around the Au-P vector with a cone angle of 145°. There is less restriction in 
the (010) and (001) planes, thus allowing the Pt-C-0 moiety to be exposed in these 
directions to external reagents. The stretching frequencies of CO adsorbed at various 
crystal faces of platinum metal are found at 2060-2125 cm - 1.[56] These are assigned to 
CO chemisorbed at steps and terraces. At low coverage of CO on P t ( l l l ) absorptions 
are found in the range 1810-1860 c m " 1 and these are assigned to chemisorption in bridges 
and on sites of threefold symmetry.[57] The г/(СО) found for the linear terminal CO in 
[Pt(CO)(AuPPh 3 ) 8 ] 2 + is at 1940 cm" 1 , just in between both ranges. 
4.3.3 Molecular Orbital Analysis 
To obtain an understanding of the orbital interactions involved in the addition of а тг-
acid ligand to [Pt(AuPPh3) 8 ] 2 + we first analysed the changes in the molecular orbitals 
in the frontier region when the geometry is changed from a toroidal (idealized S&) into a 
hemispherical (СУ one. The hemispherical geometry is that of the Pt(AuPPh3) 8 frame as 
found in [РЦСО)(АиРРЬз) 8 ] 2 + . These analyses draw heavily on the previous MO studies 
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Figure 4.4: The steric hindrance of the phosphines indicated by Tolman cones. 
which were completed for gold cluster compounds [58, 59, 38, 60] The mode of calculation 
and the parameters used are similar to those used in these previous studies. The bond 
lengths used in these EHMO calculations are the average distances as determined by the 
X-ray structure elucidations. For [Pt(AuPPh3)8)]2+ these are 2.64 Â for Pt-Au and 2.27 
Â for Au-P,[12] and for [Рі(СО)(АиРРЬз)8]2 + 2.67 Â and 2.30 Â,respectively. Pt-C = 
1.90 A and C-0 = 1.13 A. The structure and numbering of the Au sites is shown in 
Figure 4.5. 
Figure 4.5: Structure and labelling of the [Рі(СО)(АиРРЬз) 8] 2 + cluster. 
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The effect of the geometrical change is shown in the left hand side of Figure 4.6. 
On the extreme left side of this figure we see the energy levels of the cluster skeleton 
orbitals for the toroidal PtiAuPPhs)« cluster. In increasing energy these are the 0(8"), 
ei(PS,y), ΚΡζ), е г ф ^ . ^ ) , е з ф ^ ) and a(D^). It is obvious that the closed shell 
requirements will be fulfilled by an (S<T)2(P'T)4 electron configuration. This results in a 
HOMO-LUMO gap ( М Р ^ Ь ^ Р ? ) ) of 2.31 eV. 
α
 (О^) 
е1 Ό -и- * 
α (5σ) * 
[PtlAuPfe] 
torus hemisphere 
ptlCOXAuPlgf* 
; - - Ыі" 
4- α α, 
Figure 4.6: Molecular orbital interaction diagrams. On the left hand side the diagram for 
the toroidal and hemispherical [Pt(AuP)8]2+. On the right hand side the fragment orbital 
interaction diagram between the CO and the hemispherical [Pt(AuPPh3)8]2+ cluster. 
When the geometry changes into a hemispherical one we see that all degeneracies are 
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lost. The most important change involves the lowering of the P^ energy by 0.69 eV. In 
addition to this the P£ energy is increased with 0.37 eV, resulting in a HOMO-LUMO 
gap of only 1.23 eV. The total energy increases 1.27 eV showing that the hemispherical 
arrangement is less favourable, unless the LUMO becomes involved in bonding. 
On the right hand side of Figure 4.6 the fragment molecular orbital interaction be­
tween the [PtiAuPPhaJg] 2 ' hemisphere and the CO moiety is shown. The only orbitals 
of CO in this Figure are the σ
ρ
(α) and π' (b) orbitals. The σ,, σ* and π orbitals are too 
low in energy, and the σ* too high to enter the picture. The α orbital interacts strongly 
with the 0(8") and a(Pf ) skeletal molecular orbitals. This results in a new bonding P ' 
orbital and an electron configuration of ( 8 σ ) 2 ( Ρ σ ) 6 . The π*, b orbitals combine with the 
P£ and Py skeletal orbitals. The energy lowering of these orbitals is only small because 
of the small overlap. The π* orbitals interact more strongly with the D" antibonding 
orbitals, lowering especially the Щ. and DJ. orbitals. Because of these interaction the 
π' orbitals become slightly occupied (0.69 e). The HOMO-LUMO gap is 2.41 eV. 
Pt-Aul 
Pt-Au2 
Pt-Au3 
Pt-Au4 
Σ 
Pt(A 
toroidal 
"0.256<Г 
0.2569 
0.2569 
L_0.2569 
1.0276 
u P P h s h 
hemisphere 
0.2387 
0.2606 
0.2462 
0.2321 
0.9776 
Рі(СО)(АиРРЬз) 
0.2640 
0.2094 
0.2435 
0.2614 
0.9783 
Table 4.5: Radial metal-metal overlap populations 
The data in Table 4.5 show that the introduction of the CO ligand causes a redis­
tribution of electron density. Without carbon monoxide the sites closest to the 2-axis 
(the original torus axis) have the strongest Pt-Au bonds. With the introduction of this 
ligand these two sites become less and the ''cis"-oid Au atoms more strongly bonded to 
the central Pt atom. This observation matches with the well-known trans influence in 
mononuclear Pt compounds. 
From Table 4.5 we can see that the smaller 2 J ( P t - P ) coupling constant could be 
caused by the lower net radial overlap populations. Because the difference is only small 
(5%) another effect may also influence this coupling. 
When we compare the orbital occupancies in the Pt atomic orbitals in the three 
molecules (Table 4.6) we can see a significant drop in occupancy of the s-orbital when 
the geometry is changed from toroidal to hemispherical and finally to the spherical 
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carbonmonoxide compound. An analogous difference is found when the hybridization of 
а С atom in, for instance, hydrocarbons changes from зр2 to sp3. A reduction of 25% of 
the 1 J ( 1 3 C - 1 H ) coupling is expected on the basis of the difference in s orbital coefficients. 
The difference in the platinum s-orbital coefficients in the S" molecular orbital decreases 
from 0.2270 to 0.1459 upon addition of the CO to the toroidal cluster. On this basis one 
would expect the coupling constant to drop 36%, in fact the actual decrease is 22%. 
Pt 
s 
Px 
Py 
Pz 
d
x
2_y2 
d
:
i 
dZy 
d
xz 
d
vz 
Pt(AuPPh3)
e 
toroidal 
0.616 
0.273 
0.273 
0.042 
1.784 
1.974 
1.784 
1.861 
1.861 
hemisphere 
0.554 
0.282 
0.268 
0 034 
1.863 
1.846 
1 780 
1.935 
1.862 
Pt(CO)(AuPPh 3 ) 
spherical 
0.522 
0.284 
0.257 
0.382 
1.867 
1.600 
1.781 
1.764 
1.742 
Table 4.6: Atomic orbital occupacancies for the central metal atom 
Table 4.6 shows the low occupancy for the p . orbital in both the toroidal and hemi­
spherical geometries. The addition of the CO increases this occupancy through σ dona­
tion and decreases the d
xz and d y z occupation through тг* acceptation of the CO. 
Chapter 5 
Electrophilic Addition Reaction 
of Ag+ to [Pt(AuPPh3) 8 )] 2 +. 
The Crystal Structure of 
[Pt(AgN03)(AuPPh3) 8 ](N03) 2 
5.1 Introduction 
The electrophilic addition of Au(I) to centered Au clusters is demonstrated in reac­
tions 5.1 and 5.2.[61, 62] 
[Аіі(АиРРЬз)7]2 + + AuPPhJ -• [АиІАиРРЬ.^н]3-»- (5.1) 
[Au(AuPMe2Ph)1o]3 + + 2AuCl(PMe2Ph) - > 
[AulAuClMAuPMejPhho] 3- + 2PMe 2 Ph (5.2) 
These reactions show the addition of an electron acceptor to an ( 8 σ ) 2 ( Ρ ' ' ) 4 and an 
(S'T)2(P'T) e cluster respectively. As the electron configurations does not change, the 
structures remain toroidal in reaction 5.1 and spheroidal in reaction 5.2. 
In this chapter the electrophilic addition reaction of Ag+ to the [Рі(АиРРЬз) 8 )] 2 + 
cluster is described.[9, 63] It will be shown that Ag is incorporated in the Pt-Au frame 
with short Pt-Ag and Au-Ag bond lengths. Some complexes containing Pt and Ag have 
been structurally characterized.[64] Nearly all have bridging ligands between Pt and Ag. 
Unbridged Pt-Ag bonds are present in [PtMe2(bpy)(AgPPh3)]+ and in [{PtMe2(bpy)}2-
Ag]+.[65] 
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5.2 Experimental Section 
5.2.1 Measurements 
Elemental analysis were carried out in the micro-analytical department of the University 
of Nijmegen. 1 9 5 P t NMR spectra of СПгСЬ solutions were recorded on a Bruker WM-200 
apparatus operating at 43.0225 MHz with PtClg in D2O as external reference. ^ C ^ H } 
NMR spectra of CD2CI2 solutions were recorded on the same apparatus operating at 
50.3234 MHz with TMS reference. ^ P ^ H } NMR spectra of MeOH solutions were 
recorded on a VARÍAN XL-100 FT instrument at 40.5 MHz with TMP reference. Infra 
red spectra of Csl pellets were recorded on a Perkin-Elmer 283 instrument. Electrical 
conductivity measurements were performed with a Metrohm Konduktoskop and a Philips 
PR 9510/00 conductivity cell. 
5.2.2 Preparat ion of the Compounds 
[Рі(АиРРЬз)8](КОз)2 was prepared by published methods.[12, chapter 3] The other 
reagents were obtained from commercial sources and used without further purification. 
[ P t ( A g N 0 3 ) ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 
A 50-nig (12.5-μιηο1) sample of [Pt(AuPPh3)
e
](N03)2 is dissolved in 2 mL of methanol. 
Under vigorous stirring 2.1 mg (12.5 μπιοί) AgNOs in 1 mL methanol is added dropwise. 
The colour of the solution changes from red-brown to dark brown immediately. Dark 
brown crystals are obtained by slow diffusion of diethyl ether into the reaction mixture; 
yield nearly 100%. 
Elemental analysis for PtAgAugPgCHiHijoNaOe calculated: Pt 4.69%; Ag 2.59%; 
Au 37.85%; Ρ 5.95%; С 41.55%; Η 2.91% and Ν 1.01%; found: Pt 4.45%; Ag 2.83%; Au 
36.86%; Ρ 5.50%; С 41.04%; Η 3.10% and Ν 0.99%. Infrared spectra show absorptions 
of NO3 at 1355 c m - 1 (broad) and 1280 c m - 1 and several PPhs absorption bands. 3 1 P 
NMR : δ = 57.0 ppm, with 2 J ( P - 1 9 5 P t ) и 450 Hz and 3 J(P-Ag) (doublet) « 19 Hz 
(broad lines). 1 9 5 P t NMR : δ = -4376.2 ppm, with ' ./(Pt-'^Ag) (doublet) 811 Hz, 
1
 J(Pt- 1 0 7 Ag) (doublet) 717 Hz and 2 J ( P t - 3 1 P ) (nonet) 453 Hz. Conductivity in acetone 
at 250C A0 = 399 c m ^ - ' m o l ' . 
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5.2.3 Structure Determination of [Pt(AgN03)(AuPPh3)8](N03)2 
Collection and Reduction of Crystallographic Data 
Since single crystals decompose very quickly upon removal from the solvent mixture a 
crystal was mounted in a capillary together with a mixture of methanol and diethyl ether. 
The crystal data are listed in Table 5.1. After correction for Lorentz and polarization 
effects the equivalent reflections were averaged. No extinction correction was performed. 
formula 
cryst.syst. 
α 
b 
с 
V 
p(calcd) 
colour 
diffractometer 
monochromator 
tranmission fact. 
min-max 
check refl. 
variation 
scan range 
total refi. 
observed refl. 
no. of variables 
R 
max. shift/err. 
Table 5.1: Crysta 
PtAgAmPeCmHuoNjOe 
monoclinic 
28.007(18) À 
17.748(3) A 
28.216(4) Â 
13848 À3 
1.997 gem 3 
brown 
Nonius CAD4 
graphite 
0.83-1.38 
3 
29 % decrease 
0 < 2(9 < 30° 
12185 
3722 with F > 6a{F) 
495 
0.048 
0.2 
data and experimental de 
mol.wt 
space group 
в 
Ζ 
size 
temperature 
radiation 
μ(ΜοΚα) 
scan method 
max. scan speed 
check freq. 
data collection 
unique refl. 
weighting 
Ra 
resid. el. dens. 
41G3.02 
P2/a 
99.12(3) 0 
4 
0.06x0.16x0.25 mm 
293 К 
ΜοΚα (A = 0.71359 Â) 
97.14 cm"1 
ω- 2Θ 
15 s/refl 
2/hr 
± h , k, ±1 
5766 
1/((T2(F) + 0.0008F2) 
0.071 
0.1 e A " 3 
tails for the X-ray diffraction study of 
/\-[Pt(AgN03)(AuPPh3)
e
](N03)2. aR
w
 = ^w(\F0\ - \Fe\)4 Σ w\F0\*. 
Solution and Refinement of the Structure 
The positions of the metal atoms were found by the direct method part of SHELXS.[47] 
The remaining non-hydrogen atoms were positioned from successive difference Fourier 
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Table 5.2: 
Atom 
Pt 
Aul 
Au2 
Au3 
Au4 
Au5 
Au6 
Au7 
Au8 
Ag 
P I 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
O i l 
Sel« 
χ 
0.02445(8) 
0.05131(8) 
0.04315(8) 
0.05744(8) 
-0.04168(8) 
0.03598(8) 
-0.05232(8) 
0.11547(8) 
0.01193(8) 
-0.03536(15) 
0.0842(5) 
0.0806(5) 
0.0752(5) 
-0.0995(5) 
0.0058(5) 
-0.1268(5) 
0.1982(5) 
0.0249(5) 
-0.1060(12) 
cted fraction 
У 
0.22595(11) 
0.34925(11) 
0.08319(12) 
0.20494(12) 
0.12735(12) 
0.35337(12) 
0.29560(12) 
0.27065(12) 
0.22251(12) 
0.15622(24) 
0.4521(8) 
-0.0319(8) 
0.2035(8) 
0.0385(8) 
0.4536(8) 
0.3502(8) 
0.2648(8) 
0.1883(7) 
0.1622(21) 
al positiona 
ζ 
0.26336(8) 
0.22104(8) 
0.28771(9) 
0.35407(8) 
0.22153(8) 
0.31402(8) 
0.21766(8) 
0.29457(8) 
0.16982(8) 
0.31679(15) 
0.1902(6) 
0.2995(6) 
0.4330(5) 
0.1940(5) 
0.3483(5) 
0.1966(6) 
0.2988(6) 
0.0974(5) 
0.3451(13) 
and then 
U
e q (*100) 
2.51(10) 
3.19(10) 
3.61(11) 
3.15(10) 
3.29(10) 
3.49(11) 
3.46(11) 
3.29(11) 
3.34(10) 
4.43(20) 
4.3(7) 
4.3(7) 
4.1(7) 
3.7(7) 
4.3(7) 
4.1(7) 
4.1(7) 
3.5(7) 
6.3(12) 
nal parameters, with 
U
eq = ìEiEXaJa.ajU.j in A2. 
maps. The phenyl rings were treated as regular hexagons, and their hydrogen atoms were 
placed at ideal positions. The structures were refined by full-matrix least squares on F 
values, using SHELX.[27] Scattering factors were taken from ref 28. Isotropic refinement 
converged R to 0.11. At this stage an empirical absorption correction was applied, [29] 
resulting in a further decrease of R to 0.06. The position of one nitrate could be located. 
A large number of peaks in Fourier synthesis, found at positions between the cluster ions 
(at distances more than 3.5 A from any atom), could not unambigiously be interpreted. 
They are ascribed to a mixture of (disordered) nitrate ions and solvent molecules. Some 
of these peaks suggested the geometry of nitrate or the solvent molecules, but none of 
them were found well enough to warrant inclusion in the refinement. During the final 
stage of the refine · "^ * the anisotropic parameters of the gold, platinum, silver and 
phosphorus atoms were retined. The phenyl groups were treated as rigid groups during 
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the refinement. The hydrogen atoms were given fixed isotropic temperature factors of 
0.06 Â2. The function minimized was Σιΐ'(Ρ0 - Fc)2 with w = (σ2(Γ0) + O.OOOSFj)"1. 
Positional and thermal parameters of selected atoms are given in Table 5.2, selected 
bond distances in Table 5.3 and angles in Table 5.4. 
Pt-Aul 
Pt-Au2 
Pt-Au3 
Pt-Au4 
Pt-Au5 
Pt-Au6 
Pt-Au7 
Pt-Au8 
Pt-Ag 
Aul-Au5 
Aul-Aii6 
Aul-Au7 
Aul-Au8 
Au2-Au3 
Au2-Au4 
Au3-Au5 
Au3-Aii7 
2.658(3) 
2.656(3) 
2.607(3) 
2.682(3) 
2.668(3) 
2.634(3) 
2.684(3) 
2.608(3) 
2.722(5) 
2.726(3) 
3.042(4) 
2.881(3) 
2.804(3) 
2 846(3) 
2.888(3) 
2.892(3) 
2.772(4) 
Au4-Au6 
Au4-Au8 
Au5-Au6 
Au5-Au7 
Au6-Au8 
Au2-Ag 
Au3-Ag 
Aii4-Ag 
Aul-Pl 
Au2-P2 
Au3-P3 
Au4-P4 
Au5-P5 
Au6-P6 
Au7-P7 
A118-P8 
Ag-011 
3.001(3) 
2.816(3) 
3.525(3) 
2.793(4) 
2.741(4) 
2.786(5) 
2.783(5) 
2.714(5) 
2.280(15) 
2.297(14) 
2.204(15) 
2.304(14) 
2.252(15) 
2.292(14) 
2.303(15) 
2.216(15) 
2.25(4) 
Table 5.3: Selected bond lengths (Â) (with esd's). 
5.3 Results and Discussion 
5.3.1 Characterization and Crystal Structure 
In the solid the cluster ion has a central metal and nine peripheral metal atoms as 
shown in Figure 5.1. Eight of these are bonded to phosphine. NMR data (vide infra) 
show that there is no direct Pt-P bond. The central position is Pt as can be concluded 
from the 195Pt NMR, which shows a nonet suggesting that as a result of fluxionality all 
AuP groups are equivalent and have a 2 J(Pt -P) coupling. The periphery has eight Au 
bonded to РРЬз and one Ag bonded to nitrate. The central position of Pt in the parent 
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Aul-Pt-Au5 
Aul-Pt-Au6 
Aul-Pt-Au7 
Aul-Pt-Au8 
Au2-Pt-Au3 
Au2-Pt-Au4 
Au3-Pt-Au5 
Au3-Pt-Au7 
Au4-Pt-Au6 
Au4-Pt-Au8 
Au5-Pt-Au6 
Au5-Pt-Au7 
Au6-Pt-Au8 
Au2-Pt-Ag 
61.57(9) 
70.17(11) 
65.29(10) 
64.33(9) 
65.47(5) 
65.51(10) 
66.49(9) 
63.21(10) 
68.74(10) 
64.31(10) 
83.37(11) 
62.95(11) 
63.06(10) 
62.38(13) 
Aii3-Pt-Ag 
Au4-Pt-Ag 
Aii5-Pt-Ag 
Au6-Pt-Ag 
Pt-Aul-Pl 
Pt-Au2-P2 
Pt-Au3-P3 
Pt-Au4-P4 
Pt-Au5-P5 
Pt-Au6-P6 
Pt-Au7-P7 
Pt-Au8-P8 
Pt-Ag-OU 
62.91(13) 
60.29(12) 
96.98(13) 
87.61(15) 
172.5(4) 
162.4(4) 
169.1(4) 
173.7(4) 
151.4(4) 
164.7(4) 
154.1(4) 
157.5(4) 
145.9(10) 
Table 5.4: Selected bond angles (0) (with esd's). 
Figure 5.1: ORTEP drawing of the structure of [Рі(А
ё
КОз)(АиРРЬз)8](ХОз)2. Phenyl 
and nitrate groups are omitted for the sake of clarity. 
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compound could be firmly established by NMR considerations.[12] The structure of the 
metalframe clearly shows the toroidal arrangement around the central metal atom as 
could be expected from the electroncount. The structure can be described as a torus 
formed by three staggered triangles, consisting of Au8-Au2-Au7, Au4-Au3-Aul and Au6-
Ag-Au5. The metal atoms in the top and bottom triangles are connected to four, those 
in the middle triangle to five other metal atoms. The Ag atom is in a triangle with the 
lowest connectivity. Extended Hiickel Molecular Orital calculations show that the total 
energy of for this geometry is -1793.3 eV, which is lower than the -1792.9 eV for the 
structure with Ag in the triangle with the highest connectivity. Also the HOMO-LUMO 
gap is larger, 2.0 and 1.5 eV and respectively. The calculated site preference for Ag is in 
agreement with the general finding that the most electronegative atom (in this case Au) 
stabilizes the cluster more if it is located on a place with the highest connectivity. The 
structure is similar to that of the isoelectronic [АиіоС1з(РСу2Р1і)о]^Оз) cluster which 
also has a connectivity of nine for the central metal atom. [8] 
In the crystalline state one of the nitrate groups is very close to the Ag. No other 
nitrates were found within 3.5 A from any metal atom, so we think that these are 
uncoordinated. This is also indicated by the IR spectrum where ^(NOs) are found 
at 1280 and 1355 c m - 1 corresponding to coordinated and free nitrate respectively. In 
an acetone solution the nitrate is dissociated from the Ag as is shown by the large 
conductivity of the compound. The A0 of 399 с п ^ П ^ т о І
 1
 indicates a 3:1 rather than 
a 2:1 electrolyte. 
The 3 1 P NMR spectrum at room temperature consists of a singlet at 6 = 57.0 with a 
2 7 ( P - 1 9 5 P t ) of approximately 450 Hz with a linewidth of 50 Hz. At higher temperature 
(40 0C) the 3 J(P-Ag) could be observed to be 19 Hz. Due to the linewidth (15 Hz) the 
separate 1 0 7Ag and 1 0 9Ag couplings could not be seen. This temperature dependency of 
the 3 1 P NMR indicates that in addition to the fast fluxional behaviour of phosphine sites, 
which is common in this type of cluster compounds,[49] another proces with a relatively 
high coalescence temperature may be present. Another possibility is that the Ag, which 
occupies a peripheral position, causes a larger difference in chemical shifts for different 
phosphine sites. This would result in an'increase of the coalescence temperature for the 
exchange proces. 
The 2 J ( P - 1 9 5 P t ) decreases from 497 Hz in the parent compound to 453 Hz.[12] This 
must be related to the lowering of the Pt-Au bondorder upon addition of Ag to the 
central metal atom, due to the fact that with the same number of bonding electrons an 
additional bond has to be maintained. 
The 1 9 5 P t NMR spectrum clearly shows the Pt- 1 0 7Ag (717 Hz) and Pt- 1 0 9Ag (811 
Hz) through band coupling constants, see Figure 5.2. Their ratio of 0.88 is in good 
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J(Pt-31P) 
JÍPt-^Ag) 
J(Pt^Ag) 
-4340 -080 -4420 ppm 
Figure 5.2: 195Pt-NMR spectrum showing the silver and phosphorus couplings. 
agreement with the value of 0.87 expected from the gyromagnetic ratio. The chemical 
shift of —4376.2 ppm is at higher frequency when compared with —4528.3 ppm found 
for the parent [Pt(AuPPh3)8)]2+ cluster. This indicates that the Pt is less shielded after 
addition of Ag. This effect can also be seen in a more indirect way in the 31P chemical 
shift which moves approximately 1.7 ppm to lower field. 
The structure contains a pseudo mirror plane through the atoms Pt, Aul, Au2 and 
Ag. The angles in the plane are: Aul-Pt-Aii2: 147.5°, Aul-Pt-Ag: 150.0° and Au2-Pt-
Ag: 62.4°. The Pt-Ag distance is in the same range as the Pt-Au distances. This is 
also found in Pt-Ag and Pt-Au alloys. The Pt-Ag distance is shorter compared with the 
range of 2.77 - 2.82 A which is found in the few other cluster compounds.[64] The Au-Ag 
distances are in the range as found in other gold-silver clusters.[66] The Au-P distances 
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are in the range normally found for this type of clusters. 
Chapter 6 
Electrophilic Addition Reaction 
of Ag+ to [Pt(CO)(AuPPh3) 8] 2+. 
The Crystal Structure of 
[Pt(CO)(AgN03)(AuPPh3) 8 ](N03) 2 
6.1 Introduction 
The addition of nucleophiles to centred gold or mixed platinum-gold clusters is well 
known. In reactions 6.1 and 6.2 CO and PPh3 are added to the central platinum and 
gold atoms respectively.[13, 61] 
[Pt(AuPPh3)8]2+ + CO - [Pt(CO)(AuPPh3)
e
]2+ (6.1) 
[Аи(АиРРЬз)7]2++ PPhs - [Аіі(РРЬз)(АиРРЬз)7]2+ (6.2) 
These reactions can be described as Lewis base additions to the central metal atoms 
of the clusters. The electron configurations change, in both cases, from (S<7)2(P<')', to 
(3σ)2(Ρ'τ)6.[2, 44] The geometry around the central metal atom is changed from a toroidal 
into a spheroidal one. These reactions and geometry changes are analogous to those found 
in the chemistry of mononuclear transition metal complexes, eg. reaction 6.3. 
Рі(РРЬз)з + С О ^ PttPPhsMCO) (6.3) 
The effects of the addition of an electron donor or acceptor on the bonding in gold 
clusters could be observed in changes of the structure. In Mößbauer spectra the different 
Au sites could be detected where an (S'T)2(P'T)6 configuration is apparent by the absence 
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of a quadrupole pair for the central Au atom. In the case of mixed platinum-gold clusters, 
with the platinum atom in the centre of the cluster, changes in bonding and electron 
distribution are also observable in 1 9 5 P t and 3 1 P NMR data. 
This chapter describes the electrophilic addition reaction of Ag ' to the [Pt(CO)( Au-
РРЬз) 8 ] 2 + cluster, as well as the nucleophilic addition of CO to [Pt(Ag)(AuPPh3)g]3H .[9] 
It will be shown that Ag is incorporated in the Pt-Au frame with short Pt-Ag and 
Au-Ag bond lengths. Some complexes containing Pt and Ag have been structurally 
characterised.[64] Nearly all have bridging ligands between Pt and Ag. Unbridged Pt-
Ag bonds are present in [PtMejtbpyHAgPPha)]"1" and in [{PtMe2(bpy)}2Ag]+.[65] An 
interesting Au-Ag cluster is known to have a Au^Ag^ frame.[66] 
6.2 Experimental Section 
6.2.1 Measurements 
Elemental analysis were carried out in the micro-analytical department of the University 
of Nijmegen. 1 9 5 P t NMR spectra of CD2CI2 solutions were recorded on a Bruker WM-
200 operating at 43.0225 MHz with P t C l | " in D 2 0 as external reference. " C C H } NMR 
spectra of CD2CI2 solutions were recorded on the same apparatus operating at 50.3234 
MHz with TMS reference. 3 1 P{ 1 H} NMR spectra of MeOH solutions were recorded on 
a VARÍAN XL-100 FT instrument at 40.5 MHz with TMP reference. Infra red spectra 
of Csl pellets were recorded on a Perkin-Elmer 283 instrument. 
6.2.2 Preparat ion of the Compounds 
[Pt(AgN03)(AuPPh3)8](N03)2 [9, chapter 5] and [Рі(СО)(АиРРЬз)8](Ж)з)2 [13, chap­
ter 4] were prepared by published methods. The other reagents were obtained from 
commercial sources and used without further purification. 
[ P t ( C O ) ( A g N 0 3 ) ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 
This compound can be prepared by two procedures: 
• A 50-mg (12.4-/miol) sample of [Pt(CO)(AuPPh3)8](N03)2 is dissolved in 2 mL of 
methanol. Under vigorous stirring, 2.1 mg (12.5 μπιοί) AgNOa in 1 mL methanol 
is added dropwise. The color of the solution remains bright red. 
• A 50-mg (12.0-/ипо1) sample of [PtiAgNOaHAuPPhs^KNOab is dissolved in 2 
mL of methanol. CO gas is bubbled through the solution. The red-brown solution 
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immediately turns to bright-red. 
Bright red crystals can be obtained by slow diffusion of diethyl ether into the methanol 
solutions, yields are nearly 100% for both methods. 
The 1 3 CO product can be obtained in analogous ways by addition of Ag+ to [Pt-
( 1 JCO)(AiiPPh3)8] 2 + or by reacting ІРі(А
е
)(АиРРЬз) 8 ] 3 + with 1 3 CO. 
Elemental analysis for PtAgAugPgCusH^oNsCho calculated: Pt 4.65%; Ag 2.57%; 
Au 37.60%; Ρ 5.91%; С 41.56%; Η 2.89% and Ν 1.00%; found: Pt 5.08%; Ag 2.70%; 
Au 36.21%; Ρ 6.50%; С 40.96%; Η 2.98% and Ν 1.00%. Infrared spectrum i/(CO) 1964 
cm"
1 ; i/(13C4)) 1918 cm" 1 ; ^(NOs) 1355 cm 1 (broad) and 1290 c m " 1 and several РРЬз 
absorption bands. 1 3 C NMR : δ = 208.10, with Ч{С-195Рі) (doublet) 1226 Hz, 2.7(C-
1 0 7Ag) (doublet) 24 Hz, 2 J(C- 1 0 0 Ag) (doublet) 28 Hz, ^ ( С - 1 1 ? ) (nonet) 10 Hz. 3 1 P 
NMR : δ = 54.7, with 2 J ( P - 1 9 5 P t ) (doublet) 366 Hz, 'ViP-Ag) (doublet) 17 Hz. 1 9 5 P t 
NMR : δ = -5688.0. with ' J(Pt-Ag) (doublet) « 370 Hz, 2 J ( P t - 3 1 P ) (nonet) « 370 Hz 
(broad lines). 
6.2.3 Structure Determination 
Collection and Reduction of Crystallographic Data 
Since single crystals decompose very quickly upon removal from the solvent mixture, 
a crystal was mounted in a capillary together with a mixture of methanol and diethyl 
ether. 
The crystal data are listed in Table 6.1. After correction for Lorentz and polarisation 
effects the equivalent reflections were averaged. No extinction correction was performed. 
Solution and Refinement of the Structure 
The positions of the metal atoms were found by the direct method part of SHELXS.[47] 
The remaining non-hydrogen atoms were positioned from successive difference Fourier 
maps. The phenyl rings were treated as regular hexagons, and their hydrogen atoms were 
placed at ideal positions. The structures were refined by full-matrix least squares on F 
values, using SHELX.[27] Scattering factors were taken from ref 28. Isotropic refinement 
converged R to 0.12. At this stage an empirical absorption correction was applied,[29] 
resulting in a further decrease of R to 0.09. The positions of two nitrates could be located. 
A large number of peaks in Fourier syntheses, found at positions between the cluster ions 
(at distances more than 3.5 Â from any atom), could not unambiguously be interpreted. 
They are ascribed to a mixture of (disordered) nitrate ions and solvent molecules. Some 
of these peaks suggested the geometry of nitrate or the solvent molecules, but none of 
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formula 
cryst.syst. 
α 
6 
с 
V 
p(calcd) 
colour 
diffractometer 
monochromator 
tranmission fact. 
min-max 
check refi. 
variation 
scan range 
total refi. 
observed refl. 
no. of variables 
Я 
max. shift/err. 
PtAgAu
e
P 8 C 1 «H 
t riclinic 
17.4363(24) Â 
20.358(7) Â 
20.500(3) A 
7138 À3 
1.950 gern"3 
red 
Nonius CAD4 
graphite 
0.68-1.26 
3 
19 % decrease 
0 < 20 < 40° 
24167 
8383 with F > 6σ 
475 
0.065 
0.033 
12<ЛзОіо 
'(F) 
mol.wt 
space group 
« 
ß 
Ί 
Ζ 
size 
temperature 
radiation 
μ(ΜοΚα) 
scan method 
max. scan speed 
check freq. 
data collection 
unique refl. 
weighting 
К 
resid. el. dens. 
4191.03 
P I 
94.18(2) ° 
93.20(1) 0 
99.64(2) ° 
2 
0.06x0.37x0.37 mm 
293 К 
MoKft (λ = 0.71359 A) 
97.14 cm- 1 
ω- 2Θ 
15 s/refl 
2/hr 
h, ±k, ±1 
13299 
l / ( a 2 ( F ) + 0.0008F2) 
0.086 
0.15 e A " 3 
Table 6.1: Crystal data and experimental details for the X-ray diffraction study of [Pt-
(COMAgNOjKAuPPhjMNOj),. aR„, = y/Ew(\F0\-\Ff\)yy:w\F0\'. 
them were found well enough to warrant inclusion in the refinement. During the final 
stage of the refinement, the anisotropic parameters of the gold, platinum, silver and 
phosphorus atoms were refined. The phenyl groups were treated as rigid groups during 
the refinement. The hydrogen atoms were given fixed isotropic temperature factors of 
0.06 A2. Positional and thermal parameters of selected atoms are given in Table 6.2, 
and selected bond distances in Table 6.3 and angles are provided in Table 6.4. 
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Atom 
Ί>ϊ 
Aul 
Au2 
Au3 
Au4 
Au5 
Au6 
Au7 
Au8 
Ag 
PI 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
Cl 
Ol 
O l l 
X 
0.18315(7) 
0.29943(8) 
0.04905(7) 
0.12691(7) 
0.17109(7) 
0.29063(7) 
0.32103(7) 
0.16937(8) 
0.23213(8) 
0.20228(13) 
0.3741(6) 
-0.0822(5) 
0.0764(4) 
0.1557(5) 
0.3763(5) 
0.4366(5) 
0.1148(6) 
0.2342(6) 
0.1085(19) 
0.0596(16) 
0.2577(14) 
У 
0.24602(7) 
0.17803(7) 
0.29115(8) 
0.31988(7) 
0.30048(7) 
0.30938(7) 
0.30068(7) 
0.19227(7) 
0.17766(7) 
0.38319(12) 
0.0984(6) 
0.2856(5) 
0.3866(5) 
0.3539(5) 
0.3743(5) 
0.3463(5) 
0.1232(6) 
0.1000(5) 
0.1685(18) 
0.1276(15) 
0.4935(13) 
ζ 
0.71503(5) 
0.74363(6) 
0.68651(6) 
0.81582(5) 
0.59436(5) 
0.80916(5) 
0.67241(5) 
0.83287(6) 
0.60943(6) 
0.71224(10) 
0.7651(5) 
0.6630(4) 
0.8934(4) 
0.4984(4) 
0.8880(4) 
0.6328(4) 
0.9078(4) 
0.5222(5) 
0.6939(14) 
0.6802(12) 
0.7070(11) 
Ue, (*100) 
3.58(5) 
5.16(6) 
5.30(6) 
4.02(5) 
4.50(5) 
4.41(5) 
4.23(5) 
5.31(6) 
5.29(6) 
4.12(9) 
7.9(5) 
5.8(4) 
4.6(3) 
5.6(4) 
5.6(4) 
5.2(4) 
6.9(4) 
7.1(4) 
5.4(9) 
8.9(8) 
7.7(7) 
2: Selected fractional positional and thermal parameters, with 
Eja^a'a.ajUy in Â2. 
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Pt-Aul 
Pt-Au2 
Pt-Au3 
Pt-Au4 
Pt-Au5 
Pt-Au6 
Pt-Au7 
Pt-Au8 
Pt-Ag 
Pt-Cl 
Aul-Au5 
Aul-Au6 
Aul-Au7 
Aul-Au8 
Au2-Au3 
ι Au2-Au4 
Au3-Au5 
Au3-Au7 
Au4-Au6 
2.7012(21) 
2.7017(20) 
2.7855(18) 
2.7952(17) 
2.7062(16) 
2.6949(18) 
2.7301(18) 
2.7419(19) 
2 7616(30) 
1.877(32) 
2.9352(22) 
2.9642(22) 
3 0299(20) 
2.9291(18) 
2.8842(16) 
2.9153(18) 
2.9083(18) 
2.8579(23) 
2.9874(17) 
Aul-Pl 
Au2-P2 
Au3-P3 
Au4-P4 
Au5-P5 
Au6-P6 
Au7-P7 
Au8-P8 
Ag-011 
Cl-Ol 
Aii4-Au8 
Aii5-Au6 
Aii5-Au7 
Au6-Au8 
Au2-Ag 
Au3-Ag 
Au4-Ag 
Au5-Ag 
Au6-Ag 
2.295(13) 
2.294(9) 
2.332(9) 
2.341(9) 
2.312(8) 
2.292(8) 
2.296(10) 
2.305(10) 
2.305(26) 
1.10(4) 
2.9065(23) 
2.8804(15) 
2.9977(20) 
2.8891(20) 
2.9916(26) 
2.8356(25) 
2.8149(24) 
3.0738(28) 
2.9883(29) 
Table 6.3: Selected bond lengths (Ä) (with esd's). 
6.3 Results and Discussion 
6.3.1 Characterisation and Crystal Strucure 
The cluster has the same coordination geometry around the central atom as Au(AuP(p-
СбН4Г)з)7(АиІ)з,[67] both being (S< T)2(P< ')e clusters with ten coordinated central metal 
atoms, see Figure 6.1. 
Comparing the structure with that of [Pt(Ag)(АиРРЬз) 8] 3 +, the rearrangement from 
the toroidal to spheroidal geometry is clear, see Figure 6.2. The two-electron donating 
CO is bonded along the torus-axis. This results in the formation of a P" bonding 
molecular orbital from the empty p". platinum orbital and the filled carbon σ orbital. 
The torus is also deformed by compressing the M3 triangle opposite to CO towards the 
torus axis. The central metal atom is shifted into the hexagon formed by the two other 
triangles of АиРРЬз groups. 
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Figure 6.1: ORTEP drawing of the structure of [Pt{CO)(Ag)(AuPPhs)«]3^. Phenyl and 
nitrate groups and the CO-oxygen atom are omitted for the sake of clarity. 
65.75(6) 
66.64(6) 
67.81(6) 
65.11(5) 
63.40(5) 
64.03(5) 
63.94(5) 
62.41(5) 
65.90(5) 
63.32(5) 
64.46(5) 
66.93(5) 
64.19(5) 
66.39(8) 
Aii3-Pt-Ag 
Au4-Pt-Ag 
Au5-Pt-Ag 
Au6-Pt-Ag 
Pt-Aul-Pl 
Pt-Au2-P2 
Pt-Au3-P3 
Pt-Au4-P4 
Pt-Au5-P5 
Pt-Au6-P6 
Pt-Au7-P7 
Pt-Au8-P8 
Pt-Ag-Oll 
Pt-Cl-Ol 
61.49(7) 
60.87(6) 
68.40(7) 
66.40(7) 
166.10(31) 
157.52(27) 
175.35(21) 
174.63(24) 
173.47(26) 
178.18(21) 
156.89(26) 
161.57(27) 
162.2(6) 
172.6(33) 
Table 6.4: Selected bond angles (0) (with esd's). 
• Aul-Pt-Au5 
Aul-Pt-Au6 
Aul-Pt-Au7 
Aul-Pt-Au8 
Au2-Pt-Au3 
Au2-Pt-Au4 
Au3-Pt-Au5 
Au3-Pt-Au7 
Au4-Pt-Au6 
ι Au4-Pt-Au8 
Au5-Pt-Au6 
Au5-Pt-Au7 
Au6-Pt-Au8 
| Au2-Pt-Ag 
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üpt · Α9 O A u O P 
Figure 6.2: Comparison of the structures of [PtCAgNOsKAuPPha^NOsb and [Pt-
(CO)(AgN03)(AuPPh3)8](N03)2 showing the change in the mctalframe caused by the 
addition of CO. 
T h e 3 1 P NMR spectrum of [Pt(CO)(Ag)(AuPPh3) 8] 3 t consists of a singlet at Í = 54.7 
with 195Pt satellites at 366 Hz. The singlet nature is a result of the fluxional behaviour in 
solution. The lowering of the chemical shift from 57.0 to 54.7 ppm on addition of CO to 
[Pt(Ag)(AuPPh3)8]3f can be attributed to the electronic differences between (SI,)2(P<r)4 
and (S<T)2(P'7)e cluster compounds. 
The 13C NMR spectrum, see Figure 6.3 shows that the chemical shift of 13CO de-
creases on addition of Ag* to [Pt(CO)(AuPPh3)8]2+. The 1./(13C-195Pt) decreases from 
1256 to 1226 Hz. The two Ag isotopes give rise to different 2J couplings, 24 Hz and 
28 Hz for 107Ag and 109Ag respectively. These NMR data clearly indicate that CO is 
bonded to Pt, which is in the centre of the metal frame. 
The 195Pt NMR spectrum consists of a multiplet, of an even number, of broad lines 
(~ 100 Hz) with separations of approximately 370 Hz. From 31P NMR it is clear that the 
coupling from phosphorus to the platinum is 366 Hz. The presence of eight phosphines 
will therefore result in a nonet caused by the 3 1P nuclei. The observed multiplet in the 
195Pt NMR is even because of the ' J(Pt-Ag), which then must be of the same magnitude 
as the 27(Pt-P) . The Ag isotopes will therefore give rise to two doublets, with a difference 
of approximately 50 Hz in scalar coupling constants. This results in four overlapping 
resonances enveloped in the eight most intense lines. 
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^ А л / \ 
JÍC-^P) 
J(CJ09Ag) 
J(C-107Ag) 
ЧД У ^ Л 
210 209 208 207 ppm 
Figure 6.3: Expanded region from the 1 3C-NMR, showing only the resonances of the 
isotopomer without 1 9 5 P t . 
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compound 
[Pt(AuPPh3)8]2+ 
[Pt(CO)(AuPPh3)8]2+ 
[PtAg(AuPPh3)8]3+ 
[Pt(CO)Ag(AuPPh3)8]3+ 
Pt-C 
-
1256 
-
1226 
Pt-Ag 
-
-
717 
811 
~370 
Pt-P 
497 
391 
453 
366 
P-C 
-
11 
— 
10 
Ag-C 
-
-
— 
24 
28 
Ag-P 
-
-
19 
17 
Table 6.5: Coupling Constants measured at room temperature (Hz). 
The sharp decrease of l J(Pt-Ag) when CO is bonded to the parent compound [Pt-
(Ag)(AuPPh3)8]3+, see Table 6.5, indicates a weakening of the radial bonding in the 
metal frame, this is also manifest in the 2 ,/(195Pt-31P) which is lowered from 453 to 366 
Hz. 
Comparison of the ¿(195Pt) of the ( 3 , 7 ) 2 ( Ρ σ ) 4 and ( 3 σ ) 2 ( Ρ , τ ) β clusters presented here, 
see Table 6.6, shows that that the (S'')2(P< T)4 clusters resonate at higher frequency than 
the (S'T)2(P< ')6 clusters This difference of approximately 1000 ppm can be attributed to 
compound 
[PttAuPPl^s]2 ' 
[Pt(CO)(AuPPh3)8]2-
[PtAg(AuPPh3)8]3+ 
[Pt(CO)Ag(AuPPh3)8]3+ 
s i p ; 195pt 
55.3 1 -4528.3 
513 
57.0 
54.7 
і з
с 
-
-5456.7 210.7 
-4376.2 
-5688.0 
-
208.1 
Table 6.6: Chemical Shifts (ppm) relative to TMP ( 3 1 P), PtCl? - ( 1 9 5 P t ) and TMS ( 1 3 C). 
the fact that in the toroidal (5 σ ) 2 (Ρ ' τ ) 4 clusters a larger deviation of a spherical valence 
electron distibution and the low lying empty P^ result in a larger contribution of the 
paramagnetic term in the total shielding of the central metal atom. The paramagnetic 
contribution is known to cause a deshielding of the atom causing it to resonate at higher 
frequency. [68] 
The infrared spectrum shows that the «/(CO) = 1964 cm" 1 (i/(1 3CO) = 1918 cm ') 
which is 24 c m - 1 at higher wavenumber than in [Рі(СО)(АиРРЬз) 8 ] 2 + , this suggests 
that the presence of Ag lowers the π-backdonation, which is consistent with the observed 
lowering of the ' J ( 1 9 5 P t - 1 3 C ) . 
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Comparison of the Structures of [PtiAgNOaHAuPPh.^gKNOahand [Pt(CO)-
( A g N 0 3 ) ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 . 
Both structures contain a pseudo mirror plane through the atoms Pt. Aul. Au2 and Ag. 
The distances of some atoms to this plane are given in Table G.7. The angles in the 
atom , [Pt(AgN03)(AuPPh. i)8](N0. 1)2 
^ А и З
4 
[Pt(CO)(AgNO
s
)(AuPPhj)
e
](N03 
Au4 
ÄU5 
A116 
I 
Au7 
Au8 
"сГ" 
0 1 
-2.238(3) 
+2.261(3) 
'-Т.854(ЗГ 
+ 1.628(3) 
~-2.010(~3) 
+2.227(3) 
. J - -
_ L 
-2.320(1) 
+2.327(1) 
-1.508(1) 
_+1.370(l) 
-2.346(1) 
+2.410(1) 
"+0.22(31" 
+0.34(3) 
Table 6.7: Selected distances to the pseudo mirror plane through the atoms: Pt, Aul, 
Au2 and Ag (in Â, the шах. deviation is 0.03 Â). 
plane are: Aul-Pt-Au2: 147.5 and 169.Г, Aul-Pt-Ag: 150.0 and 124.5° and Aii2-Pt-Ag: 
62.4 and 66.4° for [PttAgifAuPPhaJa]3 1 and [Pt(CO)(Ag)(AuPPh3)
s
] 3 + respectively. 
The longest Pt-Au bond in [Pt(Ag)(AuPPh3) 8 j 3 + is 2.084 Â. This bond is significantly 
shorter than the shortest one, 2.695 A, in [Pt(CO)(Ag)(AuPPh3)8]3+. The Pt-Ag bond 
in [Pt(Ag)(AuPPh3)8]3fis also shorter than in [Pt(CO)(Ag)(AuPPh3)8]3+. The Pt-Ag 
distances are in the same range as the Pt-Au distances, which is also found in Pt-Ag and 
Pt-Au alloys. The Pt-Ag distances are shorter compared with the range of 2.77 - 2.82 
Â which is found in the few other cluster compounds.[64] The Au-Ag distances are in 
the range as found in other gold-silver clusters.[66] The Au-P distances are in the range 
normally found for this type of clusters. The mean Au-P bond in [Pt(Ag)(AuPPh3)8]3+ 
is shorter than in [Pt(CO)(Ag)(AuPPh3)8]3+. The platinum carbon bond distance is 
1.88 À, which is similar to the 1.896 Â found in [Рі(СО)(АиРРЬз) 8](Шз) 2.[13] The 
C-0 bond length (1.10 Â) is in the normal range found for metal rarbonyls. 
Comparison of the structures shows that the radial bond lengths are longer in [Pt-
(CO)(Ag)(AuPPh3)8]3+ than in [Pt(Ag)(AuPPh3)8]3+. This is in agreement with the 
smaller Pt-P coupling constant in [Pt(CO)(Ag)(AuPPh3)8]3+ when compared with [Pt-
(Ag)(AuPPh3)8]3f . Similar differences in 2 7(ΡΙ-Ρ) and of radial bonds are observed in 
when the compounds [Р^АиРРЬз),,]2 1- and [ Р ^ С О Х А и Р Р Ь з ^ ] 2 ' are compared. This 
6 3 Rcbults and Оіьсиьыоп G5 
weakening of the radial metal-metal interactions may be attributed to the 7r-acidit\ of 
the incoming ligand The d-π* backdonation from Pt towards CO decreases the o\erlap 
of the Pt-d orbitale with the σ orbitals of the peripheral groups 
Chapter 7 
Isonitrile Containing 
Platinum-Gold Phosphine Clusters 
7.1 Introduction 
Previously the synthesis, characterization and reactivity of gold phosphine cluster com-
pounds containing isonitriles as peripheral ligands were reported.[69, 70] The isoelectron-
icity and isostructurality of the starting ¡Аи(АиРРЬз)
в
]',+ cluster with [Pt(AuPPh3)8]2+ 
prompted us to investigate the reactivity of the latter cluster compound towards isoni­
triles. From the reaction of [Рі(АиРР1із)8]2+ with CO resulting in the addition product 
[Рі(СО)(АиРРЬз)8]2х,[13] which does not have an analogue in the homonuclear gold 
cluster chemistry, it is clear that although the bonding describtion of these σ clusters is 
the same, the reactivity can differ. 
The nucleophilic addition reaction of a two-electron donating group to the center of 
a toroidal (S'T)2(P'')4 cluster is demonstrated by the following reactions:[13, 61] 
[PtiAuPPhsb]21 +CO -» [PttCOKAuPPlvOs]2' (7.1) 
[AutAuPPlisb]2-1 + РРЬз -> [Аи(РР1із)(АиРРЬз)7]2+ (7.2) 
It has also been shown by Vollenbroek et al [71] that the adding a Lewis base to an 
(S£')2(P'T)6 cluster compound results in the substitution of the ligands on the peripheral 
Au atoms: 
Au(AuL)7(AuSCN)3 + nL' -» Au(AuL)7_n(AuL')n(AuSCN)3 + nL (7.3) 
with L=PPh3 and Ь'=Р(р-С1СвН4)з. 
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Also the electrophilic addition of a d10 cation to an (S< r) 2(P< r) 4 or ( 8 σ ) 2 ( Ρ σ ) 6 cluster 
compound has been reported.[9] 
[Pt(AuPPh3)8r+ + Ag+ - [Pt(Ag)(AuPPh3) 8] 3 f (7.4) 
[Pt(CO)(AuPPh3) 8] 2 4 + Ag+ - [Pt(Ag)(CO)(AuPPh 3 ) 8 ] 3 + (7.5) 
These substitution and addition reactions enable us to synthesize a variety of isonitrile 
containing cluster compounds. The comparison of the physical data, NMR and IR, can 
provide us with a better understanding of the electronic structure governing the bonding 
in this type of cluster compounds. 
In this chapter the synthesis and characterization of [Рі(Ь)(АиРРЬз)ц](1ЧОз)2, [Pt-
(AgN03)(L)(AuPPh 3 ) 8 ](N03h, [Pt(L)(AuRNC)(AuPPh 3) 7](N03h and [Рі(А8Г*Оз)(Ь)-
(AuRNCXAuPPhsMNOab compounds with L= CO, RXC; R = i-Pr or f-Bu is reported.[46] 
7.2 Experimental Section 
7.2.1 Measurements 
C, Η and N analysis were carried out in the micro analytical department of the Uni­
versity of Nijmegen. Pt, Ag, Au and Ρ analysis were performed on a 200 ICPAE spec­
trophotometer. 3 1 P proton decoupled NMR spectra were recorded at 298 К on a Bruker 
WM200 spectrometer operating at 81.02 MHz for 3 1 P , using CD2CI2 solutions and TMP 
as an internal reference. 'H spectra were recorded on the same apparatus operating at 
200.13 Hz at 298 K. 1 9 5 Pt-NMR spectra were recorded on the same apparatus operating 
at 43.02 MHz. for 1 9 5 P t at room temperature. A solution of PtClg in D2O was used 
as an external reference. Infra-red spectra were recorded on a Perkin Elmer 1720-X 
spectrophotometer using Csl pellets. 
7.2.2 Preparat ion of the compounds 
[Pt(AuPPh3)e](NOs)2,[12, chapters] [Р»;(СО)(АиРР1із)в](Ж)зЬ,[13, chapter 4] [P^AgNOa)-
(AuPPhsbKNOsb and [PtiAgNOjHCOKAuPPhsJgKNOsb [9, chapters 5 and 6] were 
prepared according to literature methods. The other reagents were obtained from com­
mercial sources and used without further purification. 
[ P t ( R N C ) ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 , ( R = i - P r , t-Bu) 
100 mg of [Pt(AuPPh3)8](N03)2 was dissolved in 5 mL of CHjCb- This solution was 
cooled to —20oC, and exactly one equivalent of the isonitrile was added under vigorous 
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stirring. The reaction mixture was allowed to warm up to room temperature. 
[ P t ( L ) ( A u R N C ) ( A u P P h 3 ) 7 ] ( N 0 3 ) 2 , ( L = C O , CN- i -P r , C N - t - B u ; R = i - P r , t-
Bu) 
To a solution of 100 nig of [Р^Ь)(АиРРЬз)
в
](МОзЬ in 5 mL of CH2CI2, a small excess 
of RNC was added under vigorous stirring. The reaction mixture was allowed to stand 
for an half hour. 
[ P t ( A g N 0 3 ) ( R N C ) ( A u P P h 3 ) 8 ] ( N 0 3 ) 2 , ( R = i - P r , t-Bu) 
This compound was prepared by two methods The addition of exactly one equivalent of 
AglVOs in methanol to a methanolic solution of [РЦК\С)(АиРРІіз)8](МОз)2, and that 
of one eciuivalent of RNC to a methanolic solution of [Pt(AgN03)(AuPPh 3) 8](N03) 2 
both under vigorous stirring. 
P t ( A g N 0 3 ) ( L ) ( A u R N C ) ( A u P P h 3 ) 7 ] ( N 0 3 ) 2 , ( L = C O , C N - i - P r ; R = t - B u , i-Pr) 
These compounds were prepared by either the addition of one equivalent of AgNOs to 
[Pt(L)(AuRNC)(AiiPPh3)7](NO s)2 or that of a small excess of RNC to [Pt( AgNOsKL)-
(АііРР1із)8](ХОз)2 in methanol solutions, under vigorous stirring. 
The reaction mixtures were poured out into diethyl ether. The products were filtered 
off and recrystalized by slow diffusion of diethyl ether into methanolic solutions of the 
compounds. All yields were nearly quantitative. All found elemental percentages agreed 
well with the calculated ones. The physical data are presented in the next section. 
The [Pt(AgN03)
n
(RNC)(AuR'NC)(AuPPh3)7](N03)2 (n=0, 1; R, R'=t-Bu, i-Pr) 
clusters were also prepared by the addition of a large excess of R'NC to a solution of 
[Pt(AgN0 3URNC)(AuRNC)(AiiPPh3) 8](N03)2 in methanol. 
The addition of an excess of RNC to a CH2CI2 solution of [Рі(Ь)(АиРРЬз) 8 ] 2 + gives 
the product in which only one РРЬз on the peripheral gold atoms is substituted. No re­
action is observed when a solution of [Рі(Ь)(АиРР1із)8]2 + is exposed to carbonmonoxide. 
No substitution of the ligand bonded to the central Pt atom was observed. 
7.3 Results 
The observed transformations are given in the following scheme: 
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[Pt(AuPPh3)8]2+ 
L I 
[Pt(L)(AuPPh3)8]2+ 
xs RNC | 
At 
Ag+ 
[Pt(Ag)(AuPPh3)8]3+ 
I L 
[Pt(Ag)(L)(AuPPh3)8]3+ 
I xs RNC 
[Pt(L)(AuRNC)(AuPPh3)7]2+ - Б ^ [Pt(Ag)(L)(AuRNC)(AiiPPh3)?+ 
xs R'NC 1 I xs R'NC 
[Pt(L)(AuR,NC)(AuPPh3) 12+ Ag
4 
[Pt(Ag)(L)(AuR'NC)(AuPPh3)7]3+ 
with L=CO, or RNC ; R, R'= i-Pr or t-Bu. 
The spectroscopic data obtained for the [Pt(L)(AuRNC)(AuPPh3)T](N03)2 and [Pt-
(L)(AuPPh3)8](N03)2 (L-CO . CN-i-Pr, CN-f-Bu; R= i-Pr, t-Bu) clusters are presented 
in Tables 7.1 and 7.2. 
ligand bonded to 
Pt 
CO 
CO 
CO 
CN-i-Pr 
CN-i-Pr 
CN-i-Pr 
CN-t-Bu 
CN-t-Bu 
CN-f-Bu 
Au 
РРЬз 
CN-i-Pr 
CN-t-Bu 
РРЬз 
CN-i-Pr 
CN-t-Bu 
РРЬз 
CN-i-Pr 
CN-t-Bu 
»/(CO) 
1939 
1954 
1951 
_ 
-
-
-
-
. 
i/(PtCsN) 
-
-
2104 
2108 
2107 
2091 
2098 
2100 
i/(AuCsN) 
-
2191 
2180 
-
2185 
2174 
_ 
2184 
2174 
Table 7.1: Infrared data for the series [Pt(L)(AuRNC)(AuPPhj)7](N03)2 and [Pt(L)(Au-
РРЬз)в](\Оз)2 (L=CO , CN-i-Pr, CN-t-Bu; R= i-Pr, t-Bu). All и in cm"1. 
Data measured for the [Pt(AgNOjMLMAuRNC)(AuPPhsVKNOjb and [PtiAgNOs)-
(L)(AuPPh3)8](N03)2 (L=CO, CN-i-Pr; R=i-Pr, f-Bu) clusters are presented in Ta­
bles 7.3 and 7.4. 
Since the 31P-NMR spectra of the Ag containing clusters showed broad resonances 
at room temperature, the spectra were measured at 328 К in ethanol solutions in order 
to obtain sharper lines showing the 3J(Ag-P). The lines were still too broad to discern 
the different coupling constants for the two silver isotopes. 
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ligand bonded to 
Pt 
CO 
CO 
CO 
CN-i-Pr 
CN-i-Pr 
CN-i-Pr 
CN-t-Bu 
CN-t-Bu 
CN-i-Bu 
Au 
РРЬз 
РРЬз 
CN-i-Pr 
CN-t-Bu 
РРЬз 
CN-i-Pr 
CN-t-Bu 
РРЬз 
CN-i-Pr 
CN-t-Bu 
δ 
55.3 
51.3 
53.2 
52.8 
50.4 
51.9 
51.5 
49.8 
51.4 
51.1 
31p 
2 J(Pt-P) 
497 
391 
372 
373 
400 
379 
380 
403 
382 
383 
¿(PtCNR) 
-
-
-
-
0.85 
0.61 
0.60 
0.85 
0.68 
0.70 
Η 
í(AuCNR) 
-
-
0.94 
0.97 
-
0.91 
0.92 
-
0.86 
0.91 
19Bpt 
δ 
-4528.3 
-5456.7 
-5621.9 
-5625.4 
-5271.0 
-5423.7 
-5423.2 
-5287.1 
-5435.3 
-5435.3 
2 J(P-Pt) 
497 
391 
373 
373 
400 
380 
380 
403 
382 
383 
Table 7.2: NMR-data for the series [Pt(L)(AuRNC)(AuPPh3)7](N03)2 and [Pt(L)(Au-
PPhjJeKNOsb (L=CO , CN-i-Pr, CN-t-Bu; R = i-Pr, f-Bu). For 'Η NMR only the 
chemical shifts of the methylgroup are given. All shifts in ppm, coupling in Hz. 
ligand bonded to 
Pt 
CO 
CO 
CO 
CN-i-Pr 
CN-i-Pr 
CN-i-Pr 
Au 
РРЬз "
І 
CN-i-Pr 
CN-t-Bu 
РРЬз 
CN-i-Pr 
CN-t-Bu 
«/(CO) 
1961 
1973 
1973 
-
-
-
IR 
«/(PtCsN) 
-
-
-
2119 
2132 
2134 
i/(AuCsN) 
-
2209 
2201 
-
2199 
2193 
Table 7.3: Infrared data for the series [Pt(AgN03)(L)(AuRNC)(AuPPh3)7](N03)2 and 
[PtíAgNOjKLXAuPPhsbKNOah (L=CO , CN-i-Pr; R= i-Pr, t-Bu). и in cm" 1 . 
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ligand bonded to 
Pt Au 
РРЬз 
СО РРЬз 
СО CN-i-Pr 
СО CN-t-Du 
CN-i-Pr РРЬз 
CN-i-Pr CN-i-Pr 
CN-i-Pr CN-t-Bu 
6 
57.0 
l·
 54.3 
54.4 
54.1 
51.4° 
52.7 
52.4 
31p 
27(Pt-P) 
453 
366 
355 
362 
350 
365 
360 
3J(Ag-P) 
19 
17 
16 
16 
-
12 
12 
»H 
¿(PtCNR) ¿(AuCNR) 
-
" 
0.86 
0.87 
0.32 
0.50 0.86 
0.46 0.88 
Table 7.4: NMR data for the series [Pt(AgN03)(L)(AuRNC)(AuPPh.1)7](N03)2 and 
[Pt(AgN03)(L)(AuPPh3)8](N03h (L=CO , CN-i-Pr; R= i-Pr, t-Bu) in EtOH at 328 К. 
All shifts in ppm, coupling in Hz. " data at 298 К because of instability of the cluster 
at higher temperature. 
7.4 Discussion 
7.4.1 Synthesis of the compounds 
From the observered transformations it is clear that the addition of the first equivalent 
of a two electron donating group results in the completion of the (S' ') 2 (P' T ) 6 electron 
configuration by coordination to the central metal atom. More than one equivalent of 
RNC results in the substitution of a peripheral РРЬз ligand. Even a large excess and a 
prolonged exposure time results in a single substitution only. No substitution of the Pt 
bonded ligand was observed. 
A possible explanation may be that the driving force for the substitution is the 
relaxation of the steric hindrance when the bulky phosphine ligand is substituted for a 
smaller isonitrile. Subsequent substitutions will not occur because the singly substituted 
cluster already has small steric hindrance. 
In gold cluster compounds an excess of RNC leads to the total breakdown of the 
cluster. The stability of the mixed platinum-gold cluster towards excesses of RNC can be 
sought in the fact that the central metal atom in this case can not migrate to the surface. 
In gold cluster compounds on the other hand, the central gold atom with the added RNC 
ligand can exchange position with a peripheral AuPPhs ligand. This will cause a strong 
steric hindrance for the РРЬз bonded to the new central metal atom, resulting in the loss 
of this phosphine. The resulting cluster has again an (S' 7) 2(P'T) 4 configuration and can be 
further attacked by Lewis bases. Another reason for the instability of the gold clusters 
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towards isonitriles may be the existence of the following, well known, equilibrium:[14] 
[AutAuPPhab]3 '" ^ [Au(AuPPh3)7]2f + AuPPhj 
which is not encountered for the isoelectronical [Pt(AuPPh3)8]2 '" cluster. The [Au(Aii-
РР1із)7]2 ь cluster is known to be a reactive intermediate in gold cluster chemistry. 
7.4.2 I R Data 
The assignment of the CN stretching frequencies in the clusters containing two isonitriles 
is done by comparison of the data found for the clusters with CO on the central atom 
and only a Au bonded RNC group. 
In all cases the stretching frequency for the ligand bonded to the central atom is 
lower than that of the peripheral ligands. The high CN stretching frequency of the RNC 
bonded to the periphery is caused by the small тг* backdonation capability of the mainly 
sp hybridized peripheral gold atoms. The central metal atom has larger ρ atomic or­
bital contributions in the HOMO orbitale and can therefore contribute more to the π* 
backdonation. This effect has also been observed in the [Pt(CN)(AuCN)(AuPPh3) 7]+ 
cluster.[72] The CN stretching frequency of the Pt-bonded CNR is the lowest. Substitu­
tion of a РРІіз by an isonitrile results in an increment of this stretching frequency. 
The addition of a Ag results in an increment of the stretching frequencies. This effect 
is larger for the ligand bonded to the central atom (15-27 c m - 1 ) than for the ligand on 
the periphery (15-21 c m " 1 ) . The increment is caused by the decrement in π' donating 
capability of the metal atoms because of the electron withdrawing effect of the Ag. 
Another observed trend is the increment of the ¿'(CN) or i/(CO) of the group bonded 
to the central metal atom when a σ donating phosphine is subsituted by a RNC which 
is a π-acceptor ligand with smaller σ donation capabilities. This effect is strongest in 
the silver containing clusters. The i^CN) of the peripheral RNC ligand is almost the 
same whether the isonitrile on the center is either CN-i-Pr or CN-t-Bu. This frequency 
is higher when a CO is bonded to the center, thus showing the π acceptor capability of 
both isonitriles are almost the same but smaller than that of CO. 
7.4.3 N M R Data 
chemical shifts 
The addition of a two electron donating group to the central metal atom of an (S' 7) 2(P' 7) 4 
cluster causes a considerable drop in resonance frequencies for the 3 1 P atoms of the phos­
phine ligands as well as for the 1 9 5 P t atom in the center of the cluster. The latter can 
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be rationalized by the increased electron density in the cluster resulting in a larger con­
tribution of the cliamagnotic term in the shielding. Also the decrease of the asymmetry 
in the electron distribution around the central atom results in a decrease of the para­
magnetic term and increase in the total shielding. There is a significant difference in 
the magnitude of the shift of 1 9 5 Pt chemical shift to low frequency between the CO and 
isonitrile clusters. This can not be caused by the σ donor capability of the CO ligand, 
since this is smaller for CO than for RNC 
The shielding of the non-hydrogen nuclei is influenced strongly by the paramagnetic 
term in the total shielding. Since this paramagnetic shielding involves excitation energies 
the differences in the contribution of this term to the total shielding is difficult to predict. 
This is also shown by the fact that the substitution of a peripheral РРЬз ligand by a 
RNC group causes an increase in the shielding of both the Pt and the methyl hydrogens 
of the RNC bonded to this atom. On the other hand, the shielding of the phosphine 
phosphorus atoms is decreased. 
'H NMR data show that the hydrogen chemical shifts of the CH3 groups in the RNC 
ligands are mainly dependent on the position in the cluster. The methyl protons are 
more shielded when the RNC is bonded to the central Pt. This suggests that bonding 
to the central atom causes a larger s electron density on the hydrogen than bonding to 
a peripheral Au atom. 
Radial Coupling 
The addition of a Lewis base to the central metal atom results in all cases in a consid­
erable drop of the 2 J ( P t - P ) coupling constant. This difference stems from the decrease 
in s orbital coefficients in the hybride orbital which contributes most to the bonding of 
the central atom with the peripheral metal atoms.[46] 
The variation in 2 J ( P t - P ) found when the (S< 7)2(P'T)6 clusters are compared can be 
rationalized by changes in the radial bonding overlaps caused by π-back-bonding to the 
CO and/or CNR ligands. From the IR data we already saw that CO has stronger π* 
acceptor capabilities than the isonitriles. This is confirmed by the smaller 2 J ( P t - P ) of 
the non silver containing CO adducts. 
Within the series of silver containing (S'7)2(P< T)6 clusters no trend in the 2 J ( P t - P ) 
coupling can be observed. The radial couplings are all smaller than those of the com­
pounds without silver. This effect is caused by the σ electron with-drawing effect that 
the electrophilic Ag atom has on the filled cluster orbitale. The coupling constant de­
creases because of the increment in coordination number of the central atom decreases 
the mean з contribution. 
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Substitution of a PPhs ligand on the periphery of the non silver containing com­
pounds by an isonitrile results in a further decrease of the 2 J (Pt-P) . This decrease is a 
consequence of the reduction of the radial bondorder caused by the larger π* acceptance 
of metal-frame bonding electron density by the ligand. 
Chapter 8 
Low Temperature 3 1 P - N M R studies 
of Metal Phosphine Clusters 
8.1 Introduction 
Metal cluster compounds have attrackted considerable interest for several years. They 
are considered to be compounds that can aid in the understanding of the behavior of small 
metal particles in solution as opposed to the mononuclear organometallic compounds 
of which they are reminiscent. They are therefore important chemically in view of 
understanding catalytic behavior in which the ligands mimic the absorbed species on a 
metal surface. From a physical point of view they are important in investigating the 
breakdown of the macroscopic behavior of metals, like conductivity, and electronic band 
structure as opposed to discrete molecular Orbitals. 
The bonding in metal phosphine clusters of the type Аи(АиРКз)
г
 has been described 
in the past with a "porcupine"' model.[73] This model stresses the importance of radial 
bonding in the cluster. The peripheral interactions are thought to be less important 
which has been confirmed by Mingos et al. with the use of Extended Hiickel Molecular 
Orbital (EHMO) calculations.[74] For the total stabilization the smaller peripheral inter­
actions do contribute since there are so many of them. The dominance of radial bonding 
was confirmed by Mößbauer studies on homonuclear gold clusters showing that the data 
found for peripheral Au atoms are in the range that is found for linear mononuclear 
gold compounds.[75] Several years ago Stone proposed the Tensor Surface Harmonics 
theory (TSH) which provides us with a framework in which to describe molecular Or-
bitals in terms of linear combinations of fragment Orbitals of the peripheral metal-ligand 
groups.[1, 2, 4] Mingos et al. showed that the application of this theory to gold clusters is 
straightforward and enables us to predict the gross geometry in terms of prolate, oblate 
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and spheroidal arrangements and the charge of the cluster compounds.[38, 60. 42, 59] 
Until now the only way to probe the bonding model with experiments is by electron 
count in combination with the geometry and 197Au Mößbauer data. 
31P-NMR would present a possibility to investigate the bonding. However from 31P 
proton decoupled solution NMR spectra recorded at room temperature it is found that 
they are not in agreement with what can be expected on the basis of the solid state 
structure of the compounds. As a result of fast processes, averaging the different phos-
phorus sites, only one chemical shift is found. Chemical exchange studies have shown 
that intermolecular exchange of gold-phosphine or phosphine groups are too slow.[49] 
Also not all clusters for which fluxionality is observed show intermolecular exchange of 
phosphines or gold-phosphines. Intramolecular exchange processes are more likely to be 
the cause of the fast exchange. This is suggested by the results from Mingos et al. who 
prepared two geometrical modifications of the [Au(AuP(j>CßH4Me)3)8]3f cluster which 
interconvert rapidly in solution.[761 They also showed that the total energy difference 
between the two isomers is very small. 
Investigations of fluxional behavior of goldphosphine clusters have been reported by 
van der Velden with the use of 31P-NMR variable temperature measurements.[77] These 
investigations do not provide us with an answer whether the intramolecular process 
involves the migration of phosphines or gold-phosphines in the cluster. ТЫь is due to 
the fact that with these experiments it is not possible to both label the Au and the 
Ρ atom. Lineshape analysis cannot give detailed information on the amount of energy 
involved in the rearrangement process because of unresolved couplings. The process by 
which the rearrangement occurs and the spin system are in our case too complex, e.g. 
a coupled eight spin system in [Аи(РРЬз)(АиРРЬ,1)7]2*. It has been shown that it is 
possible to slow down the fluxional behavior and observe the different intrinsic chemical 
shifts by lowering the temperature. This provides us with the possibility to investigate 
the coupling network of the cluster and compare the results with what can be expected 
on the basis of the bonding model. 
In this chapter we report the low temperature 3 1 P NMR studies of two isostructural 
and isoelectronical ( S " ) ^ ? 1 7 ) 6 clusters, namely [Pt(H)(PPh3)(AuPPh3) 7 ] 2 f and [Au(P-
Р1із)(АиРРЬз)7]2 +, of which the results will be compared to those of the (S , T)2(P< T)4 
[P^Ag^AuPPh^g]3"1" cluster.[78] We also present the assignment of 3 1 P resonances in 
metal phosphine clusters, in the slow exchange regime, on the basis of homonuclcar two 
dimensional shift correlational spectroscopy (COSY). The COSY technique has proven 
to be a powerful tool for the elucidation of coupling networks.[79] Although it is most fre­
quently used in ^ - N M R on large biomolecules, the same experiment can be succesfully 
applied to other nuclei with homonuclear spin couplings. Brevard et al. used 1 8 3W-COSY 
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spectra to assign tungsten-tungsten connectivities in hetcropolytungstates,[80] allowing 
them to unambiguously assign the tungsten resonances. Venable et al. [81] showed that 
correlation spectroscopy is not limited to nuclei with spin 1/2. In their "B-NMR study 
on boron cage compounds they extended the application of COSY to quadrupolar nu­
clei. 2D correlation methods not only help us in the assignment of 3 I P resonances, but 
also provide proof for the non-existence of isomers at this temperature. In addition we 
performed a solid state 3 1 P COSY experiment in order to compare the geometry of the 
[Рі(Н)(РРЬз)(АиРРЬз)7] 2 + cluster in solution in the slow exchange regime with its solid 
state structure. 
8.2 Experimental Section 
[Рі(Н)(РР1із)(АиРР1із)т](Щ,)2.[15, chapter 2] [Аи(РРЬз)(АііРР1і3)7](ХОз)2,[14] and 
[Pt(AgN03)(AuPPh 3) 8](N03)2 ¡9. chapter 5] were prepared according to the literature. 
31P proton decoupled NMR experiments in solution were performed on a Bruker 
AM-500 spectrometer operating at 202.46 MHz for 3 IP. The compounds were dissolved 
in CD2CI2 in the temperature range 200-300K and in a 1:1 mixture of CD2CI2/CHCIF2 
below 200K. TMP was added as an internal reference. 
Phase-sensitive proton decoupled 31P COSY spectra were recorded with double-
quantum filtering.[82] The spectra were recorded with equal time domains in ti and <2· 
[Pt(H)(PPhs)(AuPPh3)7]2*was recorded at a temperature of 173K in a CD2C12/CHC1F2 
mixture with a time domain of 128 points. [Аи(РР1із)(АиРР1із)7]2 ' was recorded at a 
temperature of 203K in a CD2CI2 solution with a time domain of 256 points. [Pt(Ag)-
(AuPPh3)8]3J"was recorded at a temperature of 233K in a CD2CI2 solution with a time 
domain of 200 points. 
The 3 1 P solid state experiments were performed on a Bruker CXP-300, operating at 
300.1 MHz for protons and 121.4 MHz for phosphorus. 3 1 P phase-sensitive spectra were 
recorded using cross-polarization and magic angle spinning with a frequency of 5KHz. 
8.3 Results 
8.3.1 [Рі(Н)(РРЬз)(АиРРЬз) 7 ] 2 + 
3 1 P{ 1 H} NMR spectra at several temperatures are shown in Figure 8.1. In the fast 
exchange regime the spectrum shows the existence of two sites: Pt-P 6 = 60.9 ppm, with 
3 J ( P - P ) (octet) = 33.7 Hz and './(P-Pt) (doublet) = 2290 Hz, and Au-P b = 47.2 ppm. 
with 3 J ( P - P ) (doublet) = 33.7 Hz and 2 J ( P - P t ) (doublet) = 409.9 Hz. Lowering the 
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0 CB 
J(Pt-P) 
Figure 8.1: 31P-NMR spectra of [Р^Н)(РР1із)(АиРРЬз)7]2+ at difFerent temperatures: 
A 173 К, В 213 К and С 273 К. 
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temperature results in a broadening of the lines and the slow exchange regime is reached 
at about 185 K. The spectrum recorded at 173K (Figure 8.1A) can be interpreted with 
four phosphorus sites with platinum satellites. Two sites have an intensity of 1 and the 
other two an intensity of 3. Due to the broad lines no reliable couplings can be obtained 
from these spectra. 
To obtain more accurate values for couplings and shifts and to investigate the coupling 
network a double-quantum filtered proton decoupled phase-sensitive COSY experiment 
was performed at 173 К in CD2CI2/CHFCI2. The symmetrized spectrum is shown in 
Figure 8.2A and the obtained shifts and couplings are given in Table 8.1. The solid state 
COSY spectrum is shown in Figure 8.2B. 
site 
A 
D 
С 
B 
line 
1 
2 
3 
4 
Int 1 6 
1 
1 
3 
3 
A 
1
 1 
59.4 
49.3 
-
145 
47.3 | 85 
46.0 
-
J(P-P) 
D С 
2 3 
145 85 
-
-
- 85 
В 
4 
-
85 
-
J(Pt-P) 
2168 1 
389 
480 
358 
Table 8.1: 3 1 P data obtained at 173K for [Р^ННРРІізНАиРРІіяЬ] 2" with b in ppm and 
J in Hz. 
8.3.2 [Аи(РРЬз)(АиРРЬз)7]2^ 
The slow exchange regime is reached at 215 K. The spectrum recorded at 203 К is shown 
in Figure 8.3. In this spectrum we can see four phosphorus sites of which two have an 
intensity of 1 and the other two of 3. 
To investigate the coupling network in this cluster a proton decoupled double-quantum 
filtered phase-sensitive COSY experiment was performed at 203 К in a CD2CI2 solution. 
The symmetrized spectrum is shown in Figure 8.4 and the obtained data are given in 
Table 8.2. 
8.3.3 [Pt(Ag)(AuPPh3) 8 ] 3 + 
The slow exchange regime is reached at about 250 K. Below this temperature we can 
distinguish five phosphorus shifts with their satellites. Two of the sites have intensities 
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Figure 8.2: Symmetrized COSY spectrum in solution (A) at 173 К and the solid state 
(B) at room temperature of [Рі(Н)(РРІіз)(АиРР1із)7]2+. The intensity in the insert in 
В is magnified by 4. 
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Figure 8.3: Slow exchange 3lP-NMR spectrum of [Аи(РРЬз){АиРРЬ3)7]2+ at 203 K. 
Figure 8.4: Symmetrized COSY spectrum of [Аи(РР1із)(АиРР1із)7]2+ at 203 K. 
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site 
A 
С 
В 
D 
line 
1 
2 
3 
4 
Int 
1 
3 
3 
1 
δ 
68.7 
51.9 
49.1 
47.0 
A 
1 
-
62 
-
195 
J(P-P) 
С В 
2 3 
62 -
- 87 
87 -
-
D 
4 
195 
-
-
-
Table 8.2: 3 1 P data obtained at 203K for [Аи(РР1і3)(АиРРЬз)7]2 + with δ in ppm and J 
in Hz. 
1 and the other three intensity 2. The spectrum at 233 К is shown in Figure 8.5. The 
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Figure 8.5: Slow exchange 3 1 P-NMR spectrum of [Pt(Ag)(AuPPh3) 8] 3 + at 233 K. 
peaks are too broad to show the phosphorus and silver couplings. 
The symmetrized proton decoupled homonuclear shift-correlated phase-sensitive spec­
trum with double-quantum filtering at 233 К is shown in Figure 8.6. The obtained values 
for the chemical shifts and couplings are given in Table 8.3. 
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Figure 8.6: Symmetrized COSY spectrum of [Pt(Ag)(AuPPh3)8]3* at 233 K. 
site 
В 
A 
С 
E 
Ό 
line 
1 
2 
3 
4 
5 
Int 
2 
1 
2 
1 
2 
ь 
ι
 в 
64.0 
61.2 
55.3 
50.4 
48.8 
1 
-
-
70 
70 
70 
J(P-P) 
A C E 
2 3 4 
- 70 70 
- - 70 
. 
70 - -
- 70 -
D 
5 
70 
-
70 
-
-
J(Pt-P) 
536 
452 
320 
400 
500 
J(Ag-P) 
-
50 
-
100 
-
Table 8.3: 3 1 P data obtained at 233K for [Pt(Ag){AuPPh3)8]3+ with Ь in ppm and J in 
Hz. 
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8.4 Interpretation of the Spectra 
8.4.1 Spheroidal Clusters [Аи(РРЬз)(АиРРЬз)7] 2 + and [Pt(H)-
(PPh3)(AuPPh 3 ) 7 ] 2 4 
The solid state X-ray structures of these compounds have been elucidated.[15, 83] They 
both show a central metal atom surrounded by one PPhs and seven AuPPhs groups 
in a nearly cubic arrangement. The hydrogen position in [Рі(Н)(РР1із)(АиРР1із)7]2+ 
could not be determined. The hydorgen is expected to be fluxional over the faces of the 
cube that are adjacent to the Сз axis. The structure and labelling of the phosphorus 
sites are shown in Figure 8.7. The Сз^ geometry gives rise to four phosphine sites 
Figure 8.7: Idealized structures of [Аи(РРЬз)(АиРРЬз) 7] 2 + and [Pt(H)(PPh3)(AuP-
РЬз)7] 2 + showing the four phosphorus sites and labelling. 
with ratios of A:B:C:D as 1:3:3:1. The similarity in splitting pattern and therefore 
the coupling network of the solid state COSY spectrum of [Pt(H)(PPh 3 )(AuPPh3) 7 ] 2 + 
compared to the one at low temperature in solution suggests that the geometry of the 
cluster is the same in both cases. In both spectra we can clearly see the crosspeak 
between sites A and D. Sites В and С cannot be assigned in the solid state spectrum 
since the coupling of site С with A is too small to be detected. The relative ordering 
of the chemical shifts is different for the solid state compared to that found in solution, 
which can be caused by packing effects. The solid state spectrum shows that due to 
the phase-sensitive detection in combination with the large linewidths compared to the 
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active coupling constant, cancellation of the resulting antiphase peaks occurs. This 
results in low intense cross-peaks, or even diagonal peaks, and maxima of the peaks 
suggesting a larger coupling than the actual value. This is most clearly seen for site A 
for which the diagonal peak suggests a larger coupling with site D than the crosspeak 
because the linewidth of the diagonal peaks is larger since no double quantum filtering 
was used. Therefore the observed coupling constants are not very accurate when the 
coupling constant is smaller or equal to the linewidth of the resonances. 
The isostructurality of these compounds can be rationalized by the same coordination 
number - not taking into account the hydrogen - of the central metal atom and the iso-
electronicity of the compounds. They are both (S i ' ) 2 (P' T ) 6 compounds and according to 
the TSH bonding model they should have spherically arranged skeletons. The strongly 
radial nature of the bonding in the σ clusters suggests that the spin-spin coupling is 
mediated through the central metal atom. As a consequence the angles of the peripheral 
groups with the central atom (L-C-L, L is peripheral group and С is the central atom) 
will strongly influence the magnitude of the coupling. The coupling is maximal for an 
angle of 180". 
From inspection of the line intensities and the magnitude of the ' J couplings com­
pared to the other 4 7 couplings, it is clear that the peaks 1 and 4 for [Аи(РР1із)(Аи-
РРЬз)7] 2 + (Figure 8.4) and 1 and 2 for [Рі(Н)(РРЬз)(АиРРЬ 3)7] 2 т (Figure 8.2) corre­
spond to A and D. The variable temperature series of [Рі(Н)(РРЬз)(АиРР1із)7]2 4 and 
the magnitude of the platinum-phosphorus coupling show that peak 1 corresponds to the 
phosphine bonded to the central metal atom. Based on the comparison of the chemical 
shifts we assign peak 1 in [Аи(РРЬз)(АиРРЬз)7]2* to site A. 
The dominance of the radial bonding in this cluster can be concluded from the fact 
that the crosspeak between sites В and С consists of a doublet of doublets. In case 
of strong peripheral interactions we would expect a crosspeak consisting of a triplet of 
triplets due to the coupling of site C(B) with two equivalent phosphorus atoms from 
site .5(C). The minor role of the peripheral bonding is stressed by the fact that we 
observe a 4 J coupling between sites В and С instead of the 3 J coupling. The fact 
that we observe a trans iJ coupling between В and С and no cis coupling is due to 
the angular dependence of the coupling mediated through the centrum. The other 3J 
couplings which should occur in these clusters are those between A and 5 , and A and C. 
Because of the forementioned dependence of the value of the coupling constant on the 
angle L-C-L, site С is assigned to peak 2 for [Аи(РРЬз)(АиРРЬз)7]2 + and to peak 3 for 
[PtiHHPPhaHAuPPhab] 2 4 . This leaves peaks 3 and 4 to В for [Аи(РРЬз)(АиРРЬз)7]2 + 
and [Pt(H)(PPh3)(AuPPh3)7]2 +, respectively. In Figure 8.4 we can more clearly see the 
pattern of the crosspeak between sites A and C. Superimposed on the splitting due to 
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the small active coupling between sites A and C, which results in quartets for A of which 
only the central two lines are visible and a doublet for C, we observe the passive A-D 
and B-C couplings. From the very low intense signal found for the crosspeak AB we can 
see that this coupling is smaller than that of CD since cancellation is more complete. 
The relative signs of the Pt-P couplings can also be determined from these spectra. 
The isotopomer with 195Pt gives rise to diagonal satellites as well as the crosspeak satel-
lites. The resulting pattern for the crosspeaks is that of a heteronuclear passive coupling. 
In the crosspeak we can see whether for instance spin up for platinum is stabilized in 
both sites, giving rise to a pattern as shown in Figure 8.8A, and therefore coupling con-
stants of equal signs. The other possibility is that of different signs for the coupling 
Figure 8.8: Construction of satellites of crosspeaks showing the difference between 
31P-195Pt coupling for two different 31P lines of equal (A) and opposite (B) signs. Open 
circles correspond to 31P lines in compounds without Pt spin, the half-filled circles rep-
resent 31P lines of 31P coupled to 195Pt. Since only one Pt spin kind is present in a 
molecule (spin up = β) or spin down = β) crosspeaks between Pt satellites can only 
occur between diagonal satellites of the same Pt spin orientation. 
resulting in a pattern as shown in Figure 8.8B. So if the sign of t a n a , see Figure 8.8, is 
positive then both couplings have the same sign: t a n a = j ^ . In our case the 1J and 
2
 J platinum-phosphorus couplings are of the same sign for all shifts. 
The existence of the 2 J platinum couplings in [РЦН)(РР1із)(АиРР1із)7]2 + enables 
us to compare the measured coupling constants with the radial bond strengths. To do 
this we performed an Extended Hiickel Molecular Orbital calculation on the idealized 
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[Pt(P)(AuP)7]+ cluster with a cubic surrounded platinum atom and no H + . The trends 
observed in the radial metal-metal overlap populations, 0.32, 0.31 and 0.29 agree with 
the measured trend in couplings constants 480, 389 and 358 Hz for sites C, D and B, 
respectively. 
8.4.2 Toroidal Cluster [Pt(Ag)(AuPPh3)8]3+ 
The solid state structure of [Pt(Ag)(AuPPh3)8]3+ can be considered as three staggered 
triangles of metal atoms (8Au, lAg) with platinum in the center of the middle one.[9] 
This geometry leads to the possibility of two isomers in solution, as shown in Figure 8.9. 
Inspection of this figure shows that for isomer I we can expect five different phosphorus 
1 U 
Figure 8.9: Two possible isomers of [Pt(Ag)(AuPPh3)8]3f showing the five sites for 
isomer I and the three sites for isomer II. 
sites A:B:C:D:E as 1:2:2:2:1 and for isomer II three sites A:B:C as 2:2:4. The slow 
exchange spectrum shows five different phosphine sites, in agreement with the expected 
number for isomer I, which also is the isomer found in the solid state as determined 
by X-ray diffraction.[9] Extended Hiickel Molecular Orbital calculations show that the 
total energy of isomer I is —1793.3 eV, which is lower than the —1792.9 eV for II. Also 
the HOMO-LUMO gap for I is larger than that for II (2.0 and 1.5 eV respectively}, 
which agrees with the general finding that the most electronegative atom, in this case 
Au, will stabilize the molecule if it is at a position with the highest connectivity. This 
also suggests that the most stable isomer will be I. 
The assignment of the sites A and E is straightforward because the bonding model 
suggests the J{E-Ag) to be larger than the J(yl-Ag). Therefore peak 2 is assigned to 
site A and peak 4 to E. The occurrence of a crosspeak between 1 and 4 in the COSY 
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spectrum (Figure 8.6) suggests that 1 may be assigned to site B. The existence of a low 
intense crosspeak between site A and peak 5 suggests that the latter is site D, based on 
angular dependence of the radial coupling. The remaining peak 3 corresponds therefore 
to site C. 
8.5 Discussion 
The coupling in [Аи(РР1із)(АиРР1із)7]2+ and [РМН)(РР1гз)(АиРР1із)7]2+ mainly takes 
place through the radial σ bonds, which is in agreement with the bonding model for this 
kind of metal phosphine clusters. Both clusters have an ( 8 σ ) 2 ( Ρ σ ) β electron configura­
tion suggesting that in the ideal case the radial overlaps are evenly distributed among 
the spherically arranged ligands. The [Pt(Ag)(AuPPh3) 8] 3 + cluster with the ( 8 σ ) 2 ( Ρ σ ) 4 
configuration has the largest electron density in the torus plane. This electron density 
is caused by the occupancy of the PJ„ molecular orbitals. The resulting electron dis­
tribution resembles the shape of a torus with platinum in the center. The peripheral 
metal sp hybrides will therefore overlap more strongly with these orbitals when the Au-P 
bond vector is pointed towards the center of the ring and not to the center of the torus, 
see Figure 8.10. This bending away from the torus plane of the phosphine outside the 
P L С ^¿$ 
Figure 8.10: Intersection through a plane perpendicular to the torus plane in [Pt(Ag)-
(АиРР1із)8]3 + showing the effect of the decrease in radial bond angle on the overlap (P 
= phoshpine, L = peripheral Au, С = central Pt) . 
plane is also found in the solid state. Another reason may be the large steric hindrance 
between the phosphines by the already crowded torus plane. 
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The result is an increase of the angle between the AuP vectors of the gold-phosphines 
above and below the torus plane. Consequently the coupling between these two phospho­
rus atoms increases. On the other hand, the AuP vector between the gold-phosphine in 
the torus plane makes a more acute angle with the gold-phosphine groups lying outside 
the plane. This leads to a smaller value for the iJ coupling constant. This effect is a low 
symmetry perturbation on the initial spherical model, and the fact that it is found in 
solution suggests that this decrease in radial Pt-Au-P bond angles as found in the solid 
state is not due to a packing effect. 
8.6 Conclusion 
Lowering the temperature of solutions of the investigated metal phosphine clusters shows 
that it is possible to slow down the chemical exchange of the phosphine sites. The 
geometry of the structure in absence of fluxionality is similar to that found in the solid 
state, which when different isomers can be formed is the thermodynamically more stable 
one. In COSY spectra we were able to assign the chemical shifts to the sites found in 
the solid state structures. The interpretation of the spectra supports the dominating 
role of the radial bonding especially for the (5 < τ ) 2 (Ρ σ ) β clusters and the expected angular 
dependence of the radial P-P coupling. For the toroidal (S< 7)2(P< ')4 cluster [Pt(Ag)-
(АиРРЬз) 8 ] 3 + we observed that the coupling constants are not only dependent on the 
Au-Pt-Au angle but also on the Pt-Au-P angle, which for this type of clusters more 
strongly deviates from linearity when the Au-P group lies above or below the torus 
plane. 
Chapter 9 
TORUS 
a procedure to classify geometry 
9.1 Introduction 
As we saw in the Introduction of this thesis the application of TSH in gold and mixed 
goldtluster compounds is quite simple. In these compounds we only need to consider 
inpointing hybrid Orbitals that are of σ-symmetry. The tangential p-orbitals are empty 
and too high in energy to contribute to the bonding orbitals. 
With cluster compounds of up to twelve peripheral atoms we only need to consider the 
S" and the three P" orbitals for the bonding. Therefore the maximum electron count 
of σ electrons is 8, (S' ,) 2(P< T) 6. This configuration allows a high symmetry close to a 
spherical arrangement. Examples of these clusters are [Аи(РРЬз)(АиРРЬз)7]2н [6] with 
a cubic geometry and [Au(AuCl)2(AuPMe2Ph)io]3+ [7] with an icosahedral geometry. 
When only 6 valence electrons are involved in skeletal bonding in a spheroidal ar­
rangement. we would have a paramagnetic species, with four electrons in a threefold 
degenerate set of P" molecular orbitals. However, an extra stabilization occurs with 
a distortion of the cluster to a toroidal geometry in which two P* orbitals are in the 
torus plane. Examples of these ( S " ) 2 ^ 1 7 ) 4 clusters are [Аи(АиС1)з(АиРРЬСу2)в]4" [8] 
and [Pt(AgN03)(AiiPPh3)
e
] 2 f .[9] 
When only four valence electrons are involved in the cluster bonding we would expect 
a geometrical rearrangement to a prolate, linear geometry. At the moment there are no 
examples of these ( S " ) ^ ? " ) 2 configurated centered clusters. On the other hand the 
[(АиРРЬз) 0 ] 2 + cluster [10] consists of two (S") 2 tetrahedra (vide infra) that share an 
edge. The total electron count adds up to 4, resulting in a prolate geometry and an 
(S< T)2(P'')2 electron configuration of this small cluster of clusters. 
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In the smallest cr-bondecl clusters only two valence orbitals contribute to the skeletal 
bonding. In this case the electron configuration is (S17)2 and again the structure will be 
spheroidal because the S" molecular orbital has no angular dependency. An example 
of this type of cluster is (АиРР1із)4І2,[11] which has a tetrahedral arrangement of gold 
atoms. 
From this reasoning we can expect a large correlation between the number of skeletal 
σ electrons and the geometry of the cluster. The only problem is to find an objective way 
to categorize the geometry of a cluster as spheroidal, toroidal or linear. The next sections 
present a method for obtaining objective indications for these types of geometries.[84] 
9.2 Classification of Geometry 
To obtain geometrical information from atom coordinates we need to define our system 
of reference in a unique way. At the same time we have to select the atoms that describe 
the geometry itself. The importance of the coordinate system in relation to structural 
data is illustrated by the function Σ"-1 3;,
2
 — г
2
, which is negative for oblate, positive 
for prolate and zero for spheroidal geometries. When we apply this formula to a square 
planar arrangement of four atoms with distance г to the origin we may select two different 
orientations. 
1. with the atoms in the xz of y; plane. The result is 2r2 and one would conclude 
the geometry to be prolate. 
2. with the atoms in the xy plane. In this case the result is — 4r 2 which suggests the 
geometry to be oblate. 
By inspection it is obvious that the geometry is oblate. We could also put an extra 
restraint on the coordinate system by demanding the ; axis to be the axis of highest 
order of rotation. Then we would have to select the second orientation and the result 
would agree with the expected oblate geometry. 
Because it is quite difficult to have a program decide from crystallographic data which 
axis is of highest rotation order axis we need another way to index the geometry and 
select the coordinate system. 
9.2.1 Origin Selection 
The simplest way to select the origin is by defining an atom to be the center of the 
structure. Because we want to have an objective measure of the geometry we will make 
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the origin selection automatically. This can be done by selecting the origin to have the 
mean values of the coordinates of all atoms. This point can actually be occupied by an 
atom, or be very close to one. That is why if the distance to the nearest atom is less 
than a predefined value (1.0 Â) the origin will be translated to that atom. 
This method can go wrong if an asymmetrical structure is used as input, eg. AuPPhaCl. 
In such case the program will not select the gold atom to be the center. The mean coor-
dinate value will be closer to the large РРЬз group of 34 atoms as compared to the one CI 
atom. The input of Au, Ρ and Cl would suffice to get the origin correct, automatically, 
and to describe the geometry of the coordination of the gold atom. 
9.2.2 Atom Selection 
The number of atoms included in the calculation can have a great effect on the results 
(vide supra). Therefore we have to have a criterium for deciding which atoms will be used 
in the calculation. We suggest to select only atoms which lie in the approximate first 
coordination sphere of a centre atom 0.2 < г < 3.0 A. To avoid effects from differences 
in radial bondlengths, the selected atoms are projected onto a unit sphere. 
9.2.3 Choice of Axes 
When the geometry is spheroidal there obviously is no unique axis or any other prefer­
ence for the selection of orthogonal axes. The x, у and ζ belong to the same irreducible 
representation. In the case of toroidal geometry there is one unique axis which is per­
pendicular to the plane that has the smallest angles with all radial bonding vectors. The 
axis is called the torus axis, the plane is the torus plane. When the structure is linear 
there also is one unique axis that is the axis which has the sharpest angles with the 
bonding vectors. If the ζ axis is the one perpendicular to the torus plane any linearity in 
the structure will be contained in the xy plane and the structure will be rotated to align 
the χ axis with the direction of the linearity. Thus the coordination system is defined in 
a unique way. 
The Torus Axis 
As we saw, the torus axis is the axis perpendicular to the plane that has the sharpest 
angles with the bonding vectors. It can be described by the two angles θ and φ as used 
in the polar coordinate system. The axis we are looking for therefore has the smallest 
sum of lengths of the vectors resulting from the projection of the position vectors on 
the torus axis. To avoid negative values we will minimize the sum of the squares of the 
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inproducts : 
η 
Τ(θ, φ) = ^ ( J, sin θ cos φ + y, sin θ sin φ + :
ι
 cos θ)2 
1 - 1 
with θ the angle with the positive ζ axis, <?!> the angle from the vector projected on the 
ту plane with the positive χ axis, x t, y, and г, the coordinates of the atom г projected 
on the unitsphere and η the total number of atoms describing the geometry around the 
center. The minimalization results in a value for (θ, φ) that defines the orientation of 
the torus axis. 
Perpendicular to the Torus Axis 
When the torus axis is aligned with the ζ axis we can obtain the direction of the axis 
that has the smallest sum of squares of the lengths of the vectors resulting from the 
projection of the position vectors on that axis. This sum is therefore equal to 
η 
Γ(π/2, φ) = Σ(χ' c o s Φ + У'sin Ρ) 2 
! 1 
This function has to be minimized resulting in a value for φ that enables us to rotate 
the structure as to align any linearity along the χ axis. After this has been clone we are 
certain that 
Π Π η 
t - l t - 1 г^І 
9.3 Classification Indices 
After we have gone through the sequential rotation procedure to rotate the structure into 
the unique orientation we want it to be. we can determine the geometry on the basis 
of the coordinate values. This allows us to determine in an objective way the extent of 
spheroidality, toroidality or linearity present in a structure. 
An impression of the spheroidality of the selected part of the molecular structure can 
be obtained by comparing the sums of the squares of the lengths of the projections of 
the position vectors on the ζ axis, Γ(0, φ), with the average of those on the χ and у axes, 
Τ(π/2,0) and Τ(π·/2,π/2) respectively. 
The quotient S 
ç
 = ΆΟ,φ)
 =
 2ΣΓ-=ιΖ,2 _ _ 
1/2(Τ(π/2,0) + 2V/2, π/2)) ΣΓ-ι χ? + ΣΓ-ΐ y? 
is 1 for an ideal spherical and 0 for an ideal linear or planar geometry. 
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To get a measure of the linearity of the selected frame the sum of the squares of the 
projection of the position vectors on the y axis should be compared with the one on the 
χ axis. 
So the quotient Ρ 
_ Γ ( π Α 7Г/2)
 =
 ΣΓ-ι У? 
Τ(π/2,0) T^xì 
is a suitable indicator, which is 1 for an even distribution of atoms in the xy plane, that 
is for ideal toroidal and spheroidal geometries. Ρ equals to 0 if the structure is strictly 
linear. 
9.4 Computational Method 
In the previous section the problem of finding the desired orientation of the coordinate 
system is presented as two successive ininimalizations. From a computational point of 
view it is better to solve the problem in a different way. 
In the desired orientation the function Τ(θ, φ) has its extremes along the cartesian 
axes. This results for the ζ axis in 
dT " 
-¿•(0,0) = y'(xiZtcos<t> + ylz,sin0) = 0 
0 0
 .=1 
which only holds for all angles φ if 
n η 
Σ ^ , = ол^».=. = 0 
1-1 ! = 1 
For the χ and у axes setting the partial derivatives of Τ(θ, φ) equal to 0 results in 
Σ ХгУ, = 0 
1 = 1 
The objective of the new coordinate system is to make sure that the terms Я "
= 1 x.y,, 
ΣΓ=ι
 χ
ι
ζ
ι
 a n d ΣΓ=ι У«-ι а г е а '1 pqual to 0- Therefore the orientation of the coordinate 
system can also be found from the eigenvectors of the following matrix 
ΣΓ-ι*? ΣΓ-ι*.». Σ Γ = ι ^ Λ 
ΣΓ=ι У А ΣΓ=ι i/.2 ΣΓ=ι V A 
Σ 2 = Ι * Α Σ Γ = ι ^ . ΣΓ=ι-.2 / 
The easiest way to solve this eigensystem is to use the Jacobi method.[85] The proposed 
minimilizations to obtain the desired orientation of the structure have exactly the same 
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result as the Jacobi rotations which are used to annihilate the off-diagonal elements of 
the matrix. 
The eigenvectors of this real, symmetric matrix are orthogonal and the transformation 
matrix to align the eigenvectors with the Cartesian axes is simply the tranposed matrix 
of eigenvectors. The three eigenvalues are, ordered in decreasing magnitude, equal to 
Σ"-ι
 xì-i Σ ! ί ι yì a n c l Σί'_ι г,2 and can be used directly in the calculation of S and P. 
9.5 Results 
As a test for the correctness of the implementation of the presented classifiaction porce-
dure we performed the calculation on three ideal structures, for each geometry one. The 
results are exactly as expected, see Table 9.1. 
geometry 
linear/prolate 
toroidal/oblate 
spheroidal 
Table 9.1: Calculation for ideal geometries to test the implementation. 
The results for twenty centered cluster compounds are presented in Table 9.2. They 
are divided in two groups: 
1. 5 < 0.5 : toroidal clusters, 
2. S > 0.8 : spherical clusters. 
Both categories are unambigiously distinct by inspecting the S values. The values for Ρ 
are in both categories larger than 0.8, so no indication of linearity is present in any of 
these clusters. We can also see that in the toroidal clusters a larger number of η increases 
the value of 5, which is rather straightforward because more atoms require more atoms 
out of the already filled torus plane. 
The categories also correlate with the categories of equal σ electron cluster electron 
counts. Category one, toroidal geometry, corresponds with (3 σ ) 2 (Ρ < τ ) 4 electron config­
uration and the second category of spherical geometry corresponds to the (S£ r) 2(P' ') 6 
configurated clusters. From this we can conclude that the expected correlation between 
electron count and geometry is affirmed by the objective criteria for S, with 5 < 0.5 for 
toroidal ( 8 σ ) 2 ( Ρ σ ) 4 clusters and S > 0.8 for spherical ( S " ) ^ ? " ) 6 clusters. 
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compound 
[Au(AuP)T] 2 ' 
[Pt(P)(AuP)6] 2 1 
[Au(AuP)8]3-
[Au(AuP)
e
] 3-
[Pt(AuP)8]2 + 
[Аи(АиР)в(АиС1)з]+ 
[Pt(Ag)(AuP) 8] 3 + 
[Pt(CO)(P)(AuP) 6] 2+ 
[Pt(CC 4 Bu)(P)(AuP)
e
] T 
[Au(P)(AuP) 7] 2-
[Au(P)(AuP) 7] 2 + 
[Pt(H)(P)(AuP) 7 ] 2 + 
[Рі(СО)(АиР)8]2^ 
[Pt(CN)(AuCN)(AuP)8] ,-
[Pt(Ag)(CO)(AuP) 8] 2-
A U ( A U P ) T ( A U I ) J 
Аи(АиР)7(АиІ)з 
[Au(AuP)7(AuI)(Au*PrNC)2]2+ 
[Au(Au2dppp)5]3 + 
[Au(AuP)1o(AuCl)2]3 + 
η 
7 
7 
8 
8 
8 
9 
9 
8 
8 
8 
8 
8 
9 
10 
10 
10 
10 
10 
10 
12 
5 
0.24 
0.35 
0.37 
0.37 
0.39 
0.41 
0.45 
0.83 
0.93 
0.89 
0.90 
0.90 
0.92 
0.88 
0.88 
0.93 
0.92 
0.90 
0.97 
0.99 
Ρ 
~0.8(Γ 
0.90 
0.98 
0.98 
0.91 
1.00 
0.97 
0.92 
0.93 
0.97 
0.99 
0.88 
0.85 
0.98 
0.98 
1.00 
0.99 
1.00 
0.99 
0.99 
«rel 
6 
6 
6 
6 
6 
6 
6 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
ref 
61 
86 
41 
76 
12 
8 
9 
86 
31 
83 
6 
15 
13 
72 
9 
67 
87 
70 
88 
7 
Table 9.2: Results from calculations on centered σ cluster compounds with Ρ being a 
phosphine ligand (PPha in most, but not all cases) and η the number of atoms used. 
There are some cases in which this procedure fails, or gives values which are hard to 
interpret. The most obvious case is the one in which the clusters can be described as 
condensed polyhedra. This procedure will work for each of the polyhedra itself but not 
for the condensed frame. This is a result of the projection of all included atoms on the 
unit sphere, which was justified by the a priori assumption that the structure consists 
of one sphere instead of a cluster of condensed spheres. The projection compresses the 
variation in χ values resulting in a too low value for ΣΓ=ι xì a n d a * 0 0 high value for 5 
and P. 
One way to circumvent this problem is by refraining from the unit sphere projection. 
In ordinary cases this would result in too large contributions of atoms which are further 
away from the center for which the geometry is to be determined. 
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Another way to bypass this problem is by allowing each atom to have a weight in the 
total calculation. The weight used in case of projection on the unit sphere is of course 
l / r 2 , in the case of no projection the weights are 1 for each atom. 
An example of this type of cluster is the [(АиРР1із)6]2 + cluster.[10] Results of the 
calculations for it are shown in Table 9.3. Here we can see that the difference is quite 
large between the two approaches. From this table we see that the linearity in this cluster 
of clusters is more apparent when no unit sphere projection is used. 
] I with projection without projection 
| 5 ~0.49 I 0.29 
L ^ L 0-71 ,_ 0.41 J 
Table 9.3: Results of calculation on [(АиРР1із)б]2~ using only the position of the gold 
atoms. 
An interesting observation can be made regarding the position of the ligands attached 
to the peripheral metal atoms in toroidal clusters. They are bended away from the torus 
plane and this bending (indicated by the angle a centre-peripheral metal atoin-ligaiid) is 
greater when the peripheral atoms rises out of the torus plane (indicated by the smaller 
angle θ between the position vector and the torus axis). Figure 9.1 shows this relation 
for seven toroidal clusters. 
There are two possible reasons for this : 
1. geometrical restrictions in the available space in the torus plane, resulting in a 
large steric hindrance for atoms close to this plane. This strain can be relaxed by 
bending the ligands towards the torus axis 
2. electron density in the torus plane is highest in the torus ring because of shape of 
the Ρζ
ν
- To increase the overlap with these orbitals the linear hybridized orbital on 
the peripheral atom has to point towards the torus in stead of towards the center 
of the torus. This reduces the bond angle α for atoms outside the torus plane. 
The atoms in the torus plane have the almost ideal 180° bond angles. 
So the radial bond angles give an indication for the position of the torus plane. Atoms 
in the torus plane have bond angles that are very close to the expected 180°. The atoms 
above or below the torus plane have smaller bond angles. 
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Figure 9.1: Correlation between radial bond angles (a) and the position relative to 
the torus plane as expressed in the angle θ between the position vector of the periph­
eral atom and the г axis, о : [Р1(АиРРЬз)8]2+, о : [Аи(АиР(РЬСу2))7(АиС1)з]+, · : 
[Pt(AgN03)(AuPPh3)e]2 +, * : [Аи(АиРРЬз)7]24", * : [Рі(РРЬз)(АиРРЬз)
в
] 2 + and і> and 
< : the two isomers of [Аи(АиР(РЬ-ОМе)з)8]3 +. 
Chapter 10 
Molecular Orbital Analysis of 
Mono and Di-Carbido Gold Cluster 
Compounds 
10.1 Introduction 
In 1976 molecular orbital calculations were reported for a series of gold cluster compounds 
of the general type [(АиРКз)
п
] І + and [Аи(АиРКз)„] І + [89] which defined their closed 
shell electronic requirements and structural preferences. As part of this investigation the 
bonding in the octahedral cluster [(АиР(р-1о1у1)3)б]24" (p-tolyl = 4-methylphenyl), whose 
single crystal X-ray structure had been reported by Bellon et al,[90] was analysed. It was 
established that this formulation resulted in an open shell structure with two electrons 
occupying a i i
u
 set of molecular orbitals. It was argued that a much more stable ion 
would result if the gold cluster contained an interstitial carbido-ligand which would be 
capable of donating four electrons to complete the occupancy of the i i
u
 set of molecular 
orbitals. In 1988 Schmidbaur et al [91] realized this theoretical prediction by synthesizing 
[С(АиРР1із)
в
]2+ and structurally characterizing it. They also demonstrated that the X-
ray data of Bellon et al [90] were consistent with the formulation [С(АиР(р-іо1у1)з)6]2'. 
Subsequently, Schmidbaur et al [92] has reported the synthesis and characterization of 
[С(АиРРЬз)5]+, which has a trigonal bipyramidal cluster geometry. 
The resurgence of interest in this class of compounds arising from Schmidbaur's re­
sults, has prompted us to complete a more detailed molecular orbital analysis of gold 
cluster compounds with interstitial main group atoms and also to investigate the pos­
sibility of defining the closed shell requirements for gold clusters containing dicarbido 
interstitial fragments.[93] These analyses draw heavily on the previous molecular orbital 
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studies which were completed on gold cluster compounds [58, 59, 38, 60] and also on 
dicarbido-metal carbonyl clusters.[94] The mode of calculation and the parameters used 
are very similar to those used in these previous studies. 
10.2 Results and Discussion 
10.2.1 Interstitial Main Group Atom Gold Clusters 
Molecular orbital calculations on the isoelectronic series of [B( А и Р Н з ) ^ , [C( АиРНз) 6] 2^ 
and [>«'(АиРНз)в]3+ ions containing interstitial atoms were completed. In each case an 
idealized octahedral metal skeletal geometry was assumed with the central atom-Au dis­
tance equal to 2.20 À. The molecular orbitals for octahedral [(АиРНз)б] are illustrated 
on the left hand side of Figure 10.1. The Au-P rr-bonds and the rf-band containing 
30 closely spaced molecular orbitals are readily discernable. The gold-gold bonding 
arises primarily from the a^fS") and íiuíP") molecular orbitals which occur at slightly 
higher energies than the gold rf band. Complete occupation of these molecular orbitals 
would require a negatively charged cluster [(АиРНз) 6] 2", and since all known gold clus­
ters of this type bear a positive charge this does not represent a realistic possibility. 
[(АиРНз^] 4 1 represents a more realistic situation and corresponds to the occupation of 
only the aigiS*) molecular orbital. An incompletely filled ί ^ ( Ρ σ ) would be associated 
with a significant distortion of the skeletal geometry. Mingos et al. have demonstrated 
elsewhere,[95] that the configuration (5 σ ) 2 (Ρ ' τ ) 4 would result in an oblate geometry, e.g. 
a pentagonal pyramid, and (SC ')2(P< T)2 a prolate geometry. The single crystal X-ray anal­
ysis of [Аи
в
(РР1із)
в
]2<- [ ( S " ) 2 ^ ' ' ) 2 ] has established [96] such a prolate geometry based 
on two tetrahedra sharing an edge. Reference 58 gives a detailed molecular orbital anal­
ysis which accounts for the observation of this geometry in preference to an octahedral 
geometry. 
The effect of introducing an interstitial atom into the octahedral [(АиРНз)
в
] cluster 
is illustrated in Figure 10.1. The main group atoms В, С and N have 2s and 2p valence 
orbitals which match the ai9(S<7) and ίιη(Ρσ) skeletal molecular orbitals of the cluster 
and lead to their stabilization. The relevant overlap populations between these orbitals 
are summarized below: 
alg - 2s 
hu - 2p 
В 
0.74 
0.68 
С 
0.52 
0.57 
Ν 
0.35 
0.39 
They indicate a steady decrease from В to N for both 2s and 2p. This results from 
a contraction of the 2s and 2p orbitals as the effective nuclear charge increases. The 
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Ι ΐ υ ( Ρ π ' 
VP1 1) 
t 2 u ( D * ) 
ІгдЮ
71) 
«1υ( ρ σ ) 
o l g ( S a ) 
d-bond 
Au-Ρ 
σ bonds { - - , 
2р(» 1 и ) 
2s (ац,) 
А%{РН3)6 [с(АиРНз)6]2* 
Figure 10.1: Orbital interaction diagram for [С(АиРНз)
в
]2+, showing the important 
bonding interactions of the С 2,s and 2p orbitals with the skeletal molecular orbitals of 
the gold cluster. 
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orbital interaction diagram in Figure 10.1 represents the situation for [C(AuPH3)
e
] 2 f . 
In the related boron and nitrogen compounds the energies of the 2s and 2p orbitals are 
displaced in a manner which reflects the relative electronegativities of В, С and N. In 
each case a strong interaction occurs and results in substantial stabilization of the а і 9 
and iiu molecular orbital. A large HOMO-LUMO gap is observed for these ions. 
The in-phase combination of the 2i-o l9(S<7) and one of the 2p-i l u(P'T) molecular 
orbitals in [Е(АиРНз)
в
] are illustrated below in Scheme 10.1. It is noteworthy that 
Scheme 10.1: Schematic representation of the 2s + αι9(3σ) (A) and 2px + <iu(Pi) (B) 
molecular orbitals. 
there is a significant contribution from the metal d-orbitals. The 2p-i l u(P'T) molecular 
orbited has σ and π-bonding components and in metal-carbonyl carbido-clusters the тг-
component is significant. [97] In these gold cluster compounds the Tr-component is not 
significant - the π overlap population between the 2pz-5dxz is effectively zero and between 
2р
г
-6р
г
 only 0.01. 
The strong interactions between the 2s and 2p orbitals of the main group atom and 
skeletal molecular orbitals of the cluster result in a major redistribution of bonding elec­
tron density. This is apparent from Table 10.1 which summarizes the overlap populations 
for these compounds and compares them with those in the uncentered clusters. It is par­
ticularly noteworthy that the gold-gold bonding is almost completely replaced by strong 
radial Au-E (E = В, С or N) bonding. The bonding interactions are strongest for E = 
В where there is a particularly good overlap and energy match between the 2s and 2p 
orbitals and the a l 9 (S' r ) and ¿^ (Р") skeletal molecular orbitals. These radial interactions 
also influence the Au-P bonds which are significantly stronger in the clusters containing 
interstitial atoms. As the electronegativity of the interstitial atom increases the bonding 
molecular orbitals derived from in-phase combinations of 2s-ai9(S'T) and 2p-iiu(P<T) be-
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[(АиРНз) 6] 2-
[(АиРНз)
в
] 4 + 
[B(AuPH 3 ) e ] + 
[С(АиРНз) 6] 2 + 
[N(AuPH3)e]3+ 
Overlap Populations 
Au-Au 
0.157 
0.089 
0.038 
0.026 
0.022 
Au-E 
0.505 
0.406 
0 273 
Au-P 
0.297 
0.378 
0.359 
0.403 
0.423 
Charges 
Au 
-0.66 
0.24 
-0.10 
0.10 
0.25 
E 
-0.62 
-1.07 
-1.20 
Ρ 
0.33 
0.42 
0.37 
0.42 
0.45 
Table 10.1: Comparison of the overlap populations and charges for [Е(АиРНз)б] т + (E 
= B,C and Ν), [(АиРНз)б]4+ and [(АиРНз)
в
] 2-. 
соте тоге localized on the interstitial atom and the computed negative charge on this 
atom increases accordingly (see Table 10.1). 
Molecular orbital calculations have also been completed on the related trigonal bipyra­
midal [Е(АиРРЬз)5] and tetrahedral [Е(АиРРЬз)4] clusters. In each case the most stable 
closed shell configuration is associated with 12n, + 8 valence electrons, where n, = num­
ber of gold atoms. This corresponds to the filling of the S^and P^adial Au-E bonding 
molecular orbitals. Table 10.2 summarizes the results of molecular orbital calculations 
on tetrahedral, trigonal bipyramidal and octahedral carbido-clusters with 12η, + 8 va­
lence electrons. In each example, the metal-carbon radial bonding predominates, and 
[С(АиРНз)4] 
[С(АиРНз) 5]+ ax 
eq 
[С(АиРНз)
в
] 2 + 
Overlap Populations 
-eq 
-eq 
Au-Au 
-0.012 
0.028 
-0.013 
0.026 
Au-E 
0.551" 
Au-P 
0.401 
0.424 0.404 
0.494 
0.406 
0.401 
0.403 
Charges 
Au E 
-0.04 ' -1.47 
0.08 
0.07 
0.10 
-1.25 
-1.07 
Ρ 
0.41 
0.42 
0.41 
0.42 
Table 10.2: Summary of computed overlap populations and charges for [C(Au-
the gold-gold bonding is extremely weak. The Au-C overlap population decreases as 
the number of gold atoms increases, but the total bonding effect is greater since there 
are a larger number of Au-C bonds. The computed negative charge decreases with the 
nuclearity of the cluster reflecting the greater degree of electron delocalization. 
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The bonding analysis presented above for [EfAuPHa),,] emphasizes the advantages 
of using the Tensor Surface Harmonics methodology which stresses the speroidal na­
ture of the bonding problem, rather than the point group symmetries of the individual 
clusters. It has previously been demonstrated that for all deltahedral clusters based on 
АиРНз fragments the most stable molecular orbitals correspond to S'and a set of three 
P'molecular orbitals which are singly nodal. These molecular orbitals always match 
the symmetries of the 2s and 2p valence orbitals of the central main group atom and 
generate a set of very stable S^and P i'molecular orbitals delocalized over the cage and 
the main group atom. Therefore, such molecules are always characterized by 12n, + 8 
valence electrons. Known examples which conform to this generalization include: [Cl-
(AuPPh
a
) 2]+.[98] [Е(АиРР1і3)зГ (E=0,[99] S or Se [100]), [N(AuPPh3)4] ' ,[101] [C(Au-
Р Р Ь з Ь Г [92] and [С(АиРРЬз)б]2+.[91] 
The larger Au-E overlap populations for the less electronegative atom (Table 10.1) 
suggest that the coordination number of the center atom of these clusters is influenced 
by the electronegativity of the central atom. We have also made estimates of the total 
stabilization energies for the following aggregation reactions: 
[Е(АиРНз)4]^ + АиРНз+ ^ [ Е ( А и Р Н з ) 5 ] ( х + т 
[Е(АиРНз)5] ( х + 1 ) + + AuPH+ ^ [Е(АиРНз)в] ( х + 2 ) + 
The relative stabilities of the higher coordination number clusters follow the order В > 
С > Ν > О. The compounds of this type which have been isolated and are summarized 
above bear out this generalization. These results indicate that gold cluster compounds 
with interstitial boron atoms should be particularly stable and might have coordination 
numbers greater than those currently observed for Ο, N and C. Specifically, [B(Au-
Р Н з )
в
] + and [В(АиРНз)7]2+ should be stable cluster cations. 
Extended Hiickel calculations cannot always be used reliably to estimate bond lengths 
in molecules, nonetheless we have done some calculations aimed at evaluating the influ­
ence of E on the E-Au bond length in these octahedral clusters. In [С(АиРНз)б]2+ the 
energy minimum corresponded to a C-Au distance of 2.10 A, which is close to that de­
termined experimentally (2.12 Â). Similar distances were computed for [В(АиРНз)
в
]+ 
and [N( АиРНз)в]3 ' suggesting that the cluster does not expand or contract greatly when 
the interstitial atom is substituted by another atom belonging to the same row of the 
Periodic Table. 
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10.2.2 Dicarbido Gold Cluster Compounds 
In a previous paper the geometrical constraints associated with placing a dicarbido-
(C2) ligand inside either a single polyhedron or a pair of condensed polyhedra were 
defined.[94] In particular, a pair of trigonal prisms sharing a common square face leads 
to a centroid-centroid distance of 1.62 Â if the metal-metal bond lengths are 2.80 À in 
length. This corresponds approximately to a C-C single bond. In contrast the centroid-
centroid distance between a pair of square antiprisms sharing a square face is 2.36 A for 
the same metal-metal distance. Therefore, if the carbon atoms occupy these positions 
this would correspond to a dissociation of the C2 fragment. There remains, however, 
the possibility of the carbon atoms moving closer together if the C-C bonding were 
stronger than the metal carbon bonding. In addition the size of the cavity for the larger 
deltahedra, e.g. a bicapped square antiprism and an icosahedron, becomes sufficiently 
large to accommodate a Cj fragment. We have completed molecular orbital calculations 
on all of these systems in order to throw some light on the possibility of stabilizing C2 
units within a gold phosphine cluster and also to predict the closed shell requirements 
for such cluster compounds. 
Figure 10.2 illustrates the interaction diagram for a C2 fragment within an [(Au-
РНз)іо] cluster with a bicapped square antiprismatic geometry. Initially the carbon 
atoms were located in the four atom planes of gold atoms which corresponds to a C-
C distance of 2.35 À. On the right hand side of the figure the molecular orbitale for 
the C2 moiety are shown. At a C-C distance of 2.35 A the π and π* and σ and σ* 
molecular orbitals are closely spaced because the C-C overlap integrals are not large. 
It has previously been noted that [94] the C2 fragment enters into forward and back 
donation interactions with the skeletal molecular orbitals of a metal cluster. In particular, 
in [С2(АиРНз)1о]4+ the π orbital of C2 donates 1.97 electrons and the π* orbital accepts 
2.54 electrons from the skeletal molecular orbitals. The remaining orbitals involve less 
electron transfer; approximately 0 6 ё for σ
ρ
, σ* and σ, and 0.23 ё for σ*. The dicarbido 
fragment therefore only has a net charge of -1.14 ё in the cluster [С2(АиРНз) 1 0] 4 + and 
the bonding is best described within a delocalized framework. 
On the left hand side of Figure 10.2 the skeletal molecular orbitals of the bicapped 
square antiprismatic cluster are shown. The bonding skeletal molecular orbitals are 
01(8"), е Д Р ! ^ ) and 62(Р^) and the lowest lying antibonding radial skeletal molecu­
lar orbitals are oi(D^ 2), e3(O°zyz) and ΜΟ^-,,ΐ,ζμ)· At higher energies there are the 
Ы^Гэ) a n d L* tangential molecular orbitals. The π-orbitals of C2 interact strongly with 
the еі(Р£
і У
) skeletal bonding molecular orbitals and the π'-orbital with the antibonding 
е з ( 0 ^ . ) skeletal molecular orbitals. These interactions are represented schematically 
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Figure 10.2: The interaction diagram for a C2 fragment within a bicapped square an-
tiprism. The orbital occupations refer to [С2(АиРНз)1о]4+ with 12n, + 14 valence elec­
trons. 
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in Scheme 10.2. The σ
ρ
 and σ„ C-C bonding molecular orbitals both have αϊ symmetry 
Scheme 10.2: Schematic representations of the π* 4 ез(0£,) (A) and π
χ
 + ei(PJ) (B) 
interactions. 
and enter into bonding interactions with the o^S") and a ^ D ^ ) skeletal molecular or­
bitals. The σ* molecular orbital interacts in a bonding manner with 02(Ρζ), but these 
interactions are complicated by the presence of σ* which also has 62 symmetry. The 
orbital of 62 symmetry in the frontier orbital region is out-of-phase between 62 (P?) and 
σ* but in-phase with respect to ^ ( F ^ ) . This interaction is represented schematically in 
Scheme 10.3. This molecular orbital lies in the frontier orbital region between the bond­
ing T ' - C S Í D J , j,,) molecular orbitals and the anti-bonding σ
ρ
-αι{8σ) molecular orbitals in 
Figure 10.2. 
The presence of this 62 molecular orbital leads to two alternative closed shell electronic 
configurations. If the Ò2 molecular orbital remains vacant the highest occupied molecular 
orbital is 63 and there is a HOMO-LUMO gap of 1.42 eV, whereas if it is populated a 
HOMO-LUMO gap of 1.62 eV exists. If 12 valence electrons are associated with the d 
shell and metal-ligand σ-bond of each of the АиРНз fragments this corresponds to two 
alternative electron counts of 12 * 10 + 14 = 134 and 12 * 10 + 16 = 136. 
It has previously been established [60] that high nuclearity cluster compounds, where 
the radial bonding predominates, have closed shell electronic configurations of 12гг, + Δ,-
electrons (гг
а
 is the number of surface metal atoms and Aj is the electron count associated 
with the interstitial moiety). In these clusters the characteristic electron count is 16 if 
the carbon atoms of the interstitial C2 fragment are well separated and 14 if the carbon 
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Scheme 10.3: Schematic representation of the i>2—Р;+(Ьл?з) frontier orbital. 
atoms are sufficiently close to be represented by a single bond. In localized orbital terms 
this corresponds to filling all the C-C molecular orbitale including σ' (16 electrons) or 
leaving this orbital vacant (14 electrons). The ambiguity in electron count in the [C2(Au-
РНз)іо] cluster is closely related to this phenomenon because the frontier orbital which 
is populated to achieve the higher electron count is derived from ^(σ*). This orbital, 
however, is not localized exclusively on the carbon atoms but also has contributions from 
the skeletal molecular orbitals. 
For [С2(АиРНз)іо]4+, with 12η,, + 14 valence electrons the C-C overlap population 
is 0.13 which indicates only a weak interaction between the carbon atoms. The Au-Au 
overlap populations are between 0.050 and 0.076 and approximately the same as those 
noted previously for the octahedral carbido-cluster. The Au-C bonding interactions are 
the most important in these molecules and the relevant overlap populations are 0.399 to 
the capping gold atoms and 0.485 to the square antiprismatic gold atoms. 
We have also investigated the effects of bringing the two carbon atoms closer together 
whilst keeping the metal-metal bond lengths of the bicapped square antiprismatic clus­
ter at 2.80 Â. The relevant Walsh diagram for the C-C compression is illustrated in 
Figure 10.3. Interestingly even for the 12ns + 14 electron case there is no driving force 
for reducing the C-C bond length from 2.4 to 1.2 Â. The underlying reason for this 
can be traced to the вз molecular orbitals which become more antibonding as the C-C 
distance decreases to a greater extent than the ei molecular orbitals. These orbitals 
are represented schematically in Scheme 10.2 and it is noteworthy that the ез molecular 
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Figure 10 3 Walsh diagram for variation of the C-C distance within the bicapped square 
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orbital is more localized on the carbon atoms than e^ and therefore experiences a greater 
effect as a result of a decrease in the C-C distance. It is apparent also from Scheme 10.2 
that the overlap integral between π* and the 63 skeletal molecular orbital changes more 
than that between π and e1, because the additional nodal plane introduces antibonding 
interactions between С and the non adjacent ring of gold atoms. 
It is evident from the Walsh diagram in Figure 10.3 that in ^ ( А и Р Н з ^ о ] 4 ' with 
12η, +14 valence electrons the preferred geometry for the C2 moiety is that with the car­
bon atoms well separated. Calculations of the total energy indicate an energy minimum 
for C-C = 2.50 A. The addition of two extra electrons into the molecular orbital derived 
from baicj) leading to [С2(АиРНз)іо]2+ which has 12n, + 16 valence electrons leads to 
a geometry with an even longer C-C distance since this molecular orbital is C-C anti-
bonding (see Scheme 10.3). It is apparent from the Walsh diagram in Figure 10.3 that 
this molecular orbital rises steeply in energy when the C-C distance is decreased from 
2.4 to 1.8 A, primarily because its C-C anti-bonding character. At shorter distances an 
avoided crossing diminishes this effect, but not sufficiently to stabilize a geometry with 
a short C-C distance. The total energy calculations suggest a C-C distance of 3.10 A for 
this cluster. 
We have also investigated the relative stabilization energies for [CjfAuPHa^o]21 and 
two isolated ^(АиРНз^]" 1 molecules each with a square pyramidal geometry and the 
carbon atom lying in the square base. The dissociation process 
[С2(АиРНз)іо]2 + ^ 2[С(АиРНз)5]* 
(12n. + 16) (127г, + 8) 
is very favourable and it is unlikely that a dicarbido cluster of this type with well sep­
arated carbon atoms would be stable. The gold-gold bonding between the two square-
pyramids in the bicapped square antiprism is not sufficiently strong to stabilize such a 
dicarbido cluster and prevent its dissociation. 
The Walsh diagram in Figure 10.3 suggests that a dicarbido cluster with a short 
C-C distance will only be achieved if the 63 molecular orbitale are empty, i.e. for the 
cluster [С2(АиРНз)1о]8 +. Total energy calculations for this electron count (I2n, + 10) 
confirm this conclusion. The high positive charge associated with the cluster makes 
it an unrealistic synthetic target, unless some of the phosphine ligands were replaced 
by anionic halide ligands. Formally such a cluster can be viewed as a derivative of 
НзРАиСнСАиРНз with eight capping AuPHj fragments around the C ^ C triple bond. 
Molecular orbital calculations on ^(АиРИз)^]" 1 " 1 " (m = 6; 12η, + 14 ; m = 4; 1271,+ 
16) with the C2 moiety inside an icosahedral (or bicapped pentagonal antiprism) gold 
cluster have also been completed and the basic bonding interactions are very similar to 
10.2. Results and Discussion 111 
those described above. However, the conclusions regarding the equilibrium C-C distances 
are rather different. In particular, for the 12л, + 14 electron cluster the calculated 
equilibrium C-C distance is 1.70 A and for the 12л, + 16 electron cluster 2 05 À. The 
stabilization of C2 moieties with shorter C-C distances in ^(AuPHs)^]7""1" (in = 4 
or 6) compared with [С2(АиРНз)іо] т + (m = 2 or 4) can be related to the following 
factors. The molecular orbitals which correspond to the 7г*-ез(0". ) in the bicapped 
square antiprism are п*-еі
д
(Щ. ) in the icosahedron and they become less strongly 
antibonding as the C-C distance is shortened. This results partly because these molecular 
orbitals are less localized on the carbon atoms in the larger icosahedral cluster. Also in 
the icosahedron the carbon atoms can approach each other more closely without losing 
important bonding interactions with the apical metal atoms. For an icosahedron with 
Au-Au = 2.80 Â the distance between an apical gold atom and a carbon located at the 
centre of the adjacent pentagonal plane is 1.47 À, whereas the corresponding distance in 
a bicapped square antiprism is 1.98 A. Since an optimal Au-C distance is approximately 
2.0 Á the carbon atoms in the icosahedron can move closer together and still achieve 
Au-C bond lengths which fall in the usual range. 
Calculations have also been completed on [С2(АиРНз) 8 ] т + (m — 2; 12л, + 14 : 
τη = 0; 12η, + 16) based on two trigonal prisms sharing a square face and [C2(Au-
PHa)^]"*"1" (τη = 6; 12л, + 14 ; m = 4; 12η, + 16) based on two square antiprisms sharing 
a square face and the conclusions are very similar to those developed above. 
In summary, the ability to stabilize a C2 moiety within a gold cluster is intimately 
connected with the geometric features of the metal polyhedron. A bonded C-C dicarbido 
cluster will only result in a cluster with 12n, + 14 valence electrons if the carbon atoms can 
simultaneously form bonds of ca 2.0 Â to the gold atoms and a C-C bond of 1.2-1.8 Â. The 
metal icosahedron provides a cavity which satines this requirement, but the bicapped 
square antiprism does not. For clusters with 12n, + 16 valence electrons dissociation 
into a pair of monocarbido clusters with 12л, + 8 valence electrons is favoured for both 
the bicapped square antiprism and the icosahedron. The calculations also indicate the 
possibility of forming dicarbido clusters with short C-C distances if the total electron 
count is 12л,+ 10. A high degree of multiple bond character results from the depopulation 
of the frontier orbitals in [С2(АиРНз)іо]4+ and [С2(АиРНз)і2]в+ clusters, since these 
orbitals are C-C antibonding. 
Chapter 11 
Closed Shell Electronic 
Requirements for Condensed 
Clusters of the Group 11 Elements 
11.1 Introduction 
Molecular clusters, which can be either bare in molecular beam experiments or ligated in 
solid state and solution experiments, have attracted considerable interest recently.[102] 
A jellium model has been developed to account for the electronic structures of bare clus-
ters produced in molecular beams.[103] This model has successfully predicted several of 
the magic numbers in mass spectral data for alkali metal clusters by associating their 
nuclearities with closed-shell electronic configurations for a particle in a sphere model. 
A crystal field perturbation analysis, which has been described as a structural jellium 
model, has led to the conclusion that alkali metal clusters with closed-shell electronic con-
figurations based on the jellium model adopt high symmetry (Tj , O/, or I/, point group) 
structures based on close packed or nearly close packed spherical geometries.[104] It has 
also been demonstrated that the jellium model is closely related to the Tensor Surface 
Harmonic Theory [1, 2, 4] developed for transition metal and main group clusters.[5] 
Ligated clusters provide some examples of these close packed situations, but also less 
symmetrical clusters based on vertex, edge and face sharings. In their formation kinetic 
effects associated with the inertness of the metal-ligand bonds lead to the adoption 
of these more open metal structures in preference to close packed arrangements. The 
close shell requirements of these clusters are well established through the Polyhedral 
Skeletal Electron Pair Theory (PSEPT),[105] which provides relationships between the 
skeletal structure and the total number of valence electrons in the cluster. The Tensor 
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Surface Harmonic Theory [1, 2, 4] provides a theoretical justification for these structural 
relationships. These simple rules, however, do not work well for metal clusters derived 
from s 1 configuration metals (e.g. alkali and Group 11 metals), e.g. for Au and Ag metal 
ligated clusters. 
The detailed understanding of the electronic structures in gold ligated clusters has 
been limited to those clusters of the type [( АиРНз),,]1"1" (η = 4 - 7) [58] and the centered 
clusters [Аи(АиРКз)
п
] г + (r? = 8 - 12).[60] In the former, the Au atoms are located ap­
proximately on a single sphere, whereas the latter have one Au atom in the centre. It has 
been demonstrated that the bonding in these gold cluster compounds can be described 
in terms of the interactions between radially hybridized (s-z) orbitals of the AuPRs frag­
ments. The following closed shell requirements have been derived from extended Hiickel 
molecular orbital calculations and the Tensor Surface Harmonic Theory (TSH).[1, 2, 4] 
[AuiAuPRa),,]1 y 12n + 1 8 if the η surface gold atoms lie approxi­
mately on a sphere. 
1271 + 16 if the surface gold atoms adopt a 
toroidal oi eliptical arrangement 
[(АиРКз)
п
] І + 12n + 2 spherical geometry 
12»i + 4 prolate geometry 
12n + б oblate geometry 
12n -I- 8 spherical geometry 
In these definitions the electrons occupying the d shells of the gold atoms are included. 
In recent years, several condensed high nuclearity gold cluster compounds which 
consist of two, three and four icosahedra sharing vertices have been synthesized. The 
closed shell requirements of these condensed clusters cannot be simply interpreted using 
the electron counting rules given above. In addition, the jellium model [103] cannot be 
used to describe their electronic structures. In this chapter,[106] we explore the closed 
shell requirements of these condensed clusters and explore the relationship between the 
Tensor Surface Harmonic and jellium models. 
11.2 Results and Discussion 
11.2.1 Geometrical Aspects 
High nuclearity clusters can be derived from the condensation of small polyhedra, e.g. 
tetrahedra or octahedra. However, for gold clusters tetrahedral and octahedral clusters 
are relatively labile and cannot be readily isolated unless the steric requirements of the 
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ligands prevent their aggregation For friphenylphosphine gold clusters the most stable 
geometries are based on centred clusters with 8—12 surface gold atoms. Therefore, it 
is not sensible to describe a high nuclearity gold cluster on the basis of vertex sharing 
small polyhedra. A centred icosahedron of gold atoms is found at the upper limit of this 
range and, if associated with ligands with the appropriate cone angles, represents a very 
stable structure if associated with 12n
s
+18 (n, = number of surface gold atoms) valence 
electrons, e.g. [ A u i s t P M e j P h h o C b ] 3 - ^ ] 
Most higher nuclearity ligated gold and silver clusters adopt solid state structures via 
the condensation of icosahedra through shared vertices. Therefore, Teo has proprosed a 
series of highly symmetric supracluslers which are built of vertex-shared icosahedra.[107] 
These are So (line), S.i (triangle), S4 (tetradron), S5 (trigonal bipyramid), S7 (pentagonal 
bipyramid) and S12 (icosdhedron). Recently Fackler et al.[108] proposed a geometry for 
an Аи
в
7 cluster. We have examined in some detail the geometric requirements for the 
linking of icosahedra and the results are summarized below. The results are similar to 
those reported previously but derived in a more systematic fashion. In addition we have 
analysed the closed shell requirements of these condensed clusters. 
There are three possibilities for sharing atoms of two icosahedra along a line i.e. 
vertex, edge or face From these three possibilities the vertex sharing mode is the most 
significant. Edge sharing results in unacceptably short distances between the four atoms 
(two on each icosahedron) which are the closest to the shared edge. The only way to 
circumvent this is by also sharing these atoms. This results in a cluster with 2 * 13 — 4 = 
22 atoms. This geometry has been estabilished for B2oHi6,[109] which lacks the two 
interstitial atoms. 
To systematically start building vertex shared clusters we begin by constructing pla­
nar geometries of icosahedra and will call these P
n
 with η equal to the number of clusters 
in the ring with shared atoms. These geometries must be based on atoms which span a 
total angle smaller than 180° to ensure a closure of the resulting structure. The icosahe­
dron provides us with the possibility of using 1, 2 or 3 atoms from one of the pentagonal 
rings as shared vertices. For one vertex we have the trivial case of the linear cluster P2 
(M25) which is equal to Teo's S2. With two vertices we have two possibilities, i.e. two 
adjacent vertices, resulting in a P3 (Мз
в
) triangular cluster which is equal to Teo's S3, 
and two nonadjacent vertices, giving a P5 (Meo) pentagonal cluster. This last cluster 
has the possibility to encapsulate an additional metal atom in the center, which is then 
ten-coordinated in a pentagonal prismatic manner, leading to a Mei cluster (P5A). Three 
vertices result in a rhombic arrangement of clusters P4, M47. 
These planar clusters can be capped by additional icosahedra. Capping can only 
be done on a local three or five-fold axis, resulting in an addition of 10 and 8 atoms 
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respectively. Care has to be taken with the capping on a five fold axis because this 
introduces one atom closer to the center of the super cluster. A cap is denoted by С in 
the shorthand notation of the supercluster. This results in the following clusters: 
• P3C tetrahedra (Μ4
β
) 
• P3C2 trigonal bipyramid (M50) 
• P4C edge bridged tetrahedron (M57) 
• P4C2 distorted edge shared bi-tctrahedron (Me?) 
• P5C pentagonal pyramid (Meg) with loss of the central atom 
• P5C2 pentagonal bipyramid (M75) with an additional vertex shared by the two 
apical icosahedra resulting in an additional edge 
The planar geometry blocks can also be used to condense to form prisms. This 
is only possible if no 90° angles are formed and is therefore restricted to anti-prismatic 
condensation. In the case of the triangle oven this antiprismatic condensation introduces 
90° angles and is therefore excluded. This leaves us with the pentagonal antiprism which 
can accomodate an additional metal atom in the center (PsbA ( М щ ) . Again this cluster 
can be singly capped (Ps^CA (Мцд) or doubly capped (РвЬСгА ( М ^ ) . 
This systematic approach to the condensation of icosahedra to form supraclusters 
encompasses the geometries proposed by Teo [107] and Fackler.[108] These authors have 
also provided photos of these structures. One remark has to be made on the composition 
of P5C2, M75, (S7 in Teo's nomenclature), pentagonal bypiramid. which is M76 according 
to Teo. This is impossible because of the close approach of the two apical icosahedra 
resulting in an additional shared vertex instead of two atoms. 
Although these clusters are not close packed they are approximately spherical and 
have high symmetries. They can be described as polyspherical clusters with the atom 
distributions summarized in Table 11.1. These distributions are different from those in 
close packed structures where generally one does not observe successive layers having 
low densities. Therefore, gold clusters can form two major series of clusters which both 
have approximately spherical distributions of atoms, but very different packing densities. 
The structures described above based on icosahedra with shared vertices are less densely 
packed than alternative spherical packing arrangements based on hexagonal, cubic and 
icosahedral geometries, where the coordination numbers of more of the inner atoms are 
12. In the following section the different packing modes discussed above are shown to 
be associated with different closed shell requirements. 
116 Chapter 11. Condensed Clusters 
Supraclustrr 
P2 
Рз 
РзС 
P3C2 
PsA 
P 5 C 2 
(P5)2A 
(P5) 2C 2A 
(M25) 
(Мз6) 
(M«) 
(Μ
Β β
) 
(Mei) 
(MTS) 
( M m ) 
(M127) 
numbers of atoms in succesive shells 
of concentric spheres 
1:10:2:10:2 
3:6:3:12:12 
6:4:12:12:12 
9:5:18:12:12 
1:10:5:5:20:10:10 
1:10:5:7:30:10:12 
1:10:30:10:50:10 
1:12:30:12:60:12 
Table 11.1: The description of spherical supradusters based on vertex shared icosahedra 
in terms of concentric polysphere. 
11.2.2 Theoretical Aspects 
11.2.3 Clusters with Jellium Closed Shell Electronic Struc­
tures 
Gold clusters which have closed packed spherical structures conform to the jellium model. 
This free electron particle in a sphere model [103] predicts the following solutions to the 
Schrödinger equation: Is < lp < Id < 2s < If < 2p < lg < 2d < 3s < Ih Closed 
shell electronic structures are associated with the following total numbers of valence elec-
trons: 2. 8, 18, 20, 34, 40, 58, 68, 70, 92, 138, 199 etc. In a previous paper [110] we have 
described high symmetry close packed structures which are able to satisfy simultane-
ously the necessary closed shell electronic and geometric requirements. The symmetries 
and numbers of atoms on successive spherical shells in these clusters are summarized 
in Table 11.2. Illustrations of some of these structures have been given in a previous 
paper.[110] Extended Hiickel molecular orbital calculations on gold clusters at the lower 
end of this series have confirmed the occurrence of these closed shells within an LCAO 
molecular orbital framework. In Figures 11.1 and 11.2 the results of such molecular 
orbital calculations on M19 and M38 clusters with f.c.c. packing arrangements are il-
lustrated. Although the clusters have Oh symmetries the spherical pseudo-symmetry is 
clearly discernable and the degeneracies of the jellium Is, lp, Id, 2s, If and 2p shells 
are only slightly lifted. The absence of a 1 ƒ shell in the former case arises because this 
structure does not have a sufficient number of atoms in one shell to create the required 
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Alkali metal cluster 
with magic number 
M8 
M2o 
M « 
Mee 
M92 
M+ 
Mí» 
MÍ! 
Мз
+5 
М4+5 
М 9
+
з 
point group 
τ , — ι 
Та 
Та 
Td 
T d 
o h 
oh 
oh 
Td 
Td 
oh 
numbers of atoms in succesive 
of concentric spheres 
4 
4 
4 
4 
6 
4 
12:4 
12:12:12 
12:12:12:12:6 
8:24:12:12:6:12:12 
8 
12:6 
12:8 
12:6:12:4 
12:6:12:6:4 
12:6:24:12:24:8:6 
shells 
Table 11.2: The description of alkali metal clusters bcised on f.c.c closed packing in terms 
of concentric polysphere. Illustrations of these structures are given in ref.[110] 
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Figure 11.1: The MO energy level diagram for an M19 metal cluster based on an f.c.c. 
arrangement with Oh point group (s model was used in the calculation). 
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Figure 11.2: The MO energy level diagram for an Мз 8 metal cluster based on an f.c.c. 
arrangement with 0/, point group (s model was used in the calculation). 
number of nodal planes. 
The extended Hiickel calculations indicate a degree of flexibility not obvious in the 
jellium model because they suggest more than one closed shell configurations. For exam­
ple, the Mig cluster could have a closed shell configuration for Mj^ and Mf9 depending 
on whether the 2s (αι 9) orbital is occupied. Similarly, M38 could be associated with 
M38 , Mil от M38 ι all of which would have significant HOMO-LUMO gaps. Although, 
the large negative charge associated with the latter make it an unrealistic structure. 
The observed "magic numbers" for Au
r
{, Ag¿ and Cu* [111] bare clusters produced 
by the bombardment of the metals by Xe ions occur at n=3 , 9, 21, 35, 41, 59, 93, 139 
and 199. These results are completely in accord with the jellium and extended Hiickel 
molecular orbital calculations discussed above. 
These results are also relevant for discussing the structures of gold cluster compounds 
where the metals lie on a single spherical shell. Small gold clusters with single spherical 
geometries have 2, 4, 6 or 8 s valence electrons if the d10 and Au-L bond electron pairs are 
excluded from the electron counts. The numbers of 2 and 8 are related to the closed shell 
requirements of Is2 and l s 2 l p e configurations. The deviation from spherical geometries 
2p 
I f - I 
2s 
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result from a incomplete shell electronic structure. Clusters with l s 2 l p 2 configuration 
adopt prolate geometries and l i 2 l p 4 oblate ones.[104] These results have been extensively 
discussed in the structural jellium model. Therefore, the closed shell requirement of small 
gold ligated clusters can be understood in terms of the jellium model. This is not too 
surprising when the Au-L fragments are viewed as pseudo atoms. If these pseudo atoms 
are located on the surface of a single sphere, they create a pseudo-potential similar to 
that produced by alkali metal atoms located on the surface of a single sphere. The results 
are identical with those derived form the Tensor Surface Harmonics Theory which is also 
based on the particle on a sphere model. 
The jellium model approach does not provide a satisfactory account of the closed shell 
requirement for clusters which have been derived from the vertex sharing of icosahedra. 
In Table 11.3 the closed shell requirements of these clusters with the jellium model 
are given. They do not correspond to the electron counts observed in such clusters 
[66, 112, 113] and discussed in more detail below. 
11.2.4 Clusters Based on Vertex-Shared Icosahedra 
Two large Au-Ag clusters, [Au^Ag^Cl^PRs)^" 1" 1" [66] (m = 3 is suggested by the 
conductivity measurements) and Au18Ag2oCli4(PR.3)12,[112] can be described as two and 
three icosahedra sharing one and three vertices respectively. They are characterized 
by 16 and 24 s valence electrons respectively. An MO calculation using a simplified 
s-model for the 25-atom cluster has been completed in order to illustate the orbital 
interactions in a cluster with two icosahedra sharing a vertex. The interaction between 
two singly capped pentagonal antiprisms of gold atoms is shown in Figure 11.3. The 
molecular orbitale of each capped pentagonal antiprism are shown on each side of the 
Figure. The bonding orbitale are αι(5σ), e i (P/ ) and oi(P/) in the point group C5,,. 
The anti-prismatic combination of these two fragments results in a D^j point group and 
the bonding orbitals are aig(S'7(S'T)), α2
η
(Ρσ{3σ)) as a linear combination of the two 5 " 
orbitale from the two fragments. The P" orbitals split up in еіи(Р*(Р£
л
)), eigi^iP^y))* 
α
ΐ9(3σ(Ρ?)) and аги(Ра(Р?)). From the extent of the splitting of the orbitals it can be 
seen that the overlap between the fragments is only small. This is to be expected in view 
of the long distance between the centres of these clusters. 
The interaction of this Au*^ fragment with Au+ to complete the vertex shared bi-
icosahedron is shown in Figure 11.4. The aip(s) orbital interacts most strongly with the 
a i ^ S ^ P f )) and aig(S"(S")). This results in the lowering of the total energy, but no 
additional bonding molecular orbitals are formed. 
The notation used above for the resulting supracluster orbitals is based on the Tensor 
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Supracluster ι Predicted formula 
ι 
P2 
P.! 
РзС 
РзС 2 
PsA 
PeC, 
(P5)2A 
(P5)2C 2 A 
(M25) 5 
(Мзо)2 
( M 4 6 ) 6 
(M56) 2 
( Μ β ι ) 3 α 
( M T S ) 5 ' 
(Min)" 
( M m ) 1 
Configuration according 
to jelliurn model 
TïsjMlpHld)"10 (2¡)2 
(Is)2 (lp)R (Id)1 0 (2s)2 (If)14 
, (Is)2 (1P)C (Id)1 0 (2s)2 (If)14 
! (2p)6 
(Is)2 ( lp)6 (Id)1 0 (2s)2 (If)14 
I (2p)6 (lg)18 
! (Is)2 ( lp)6 (Id)1 0 (2s)2 (If)14 
! (2p)0 (lg)18 
! (Is)2 ( lp)6 (Id)1 0 (2s)2 (If)14 
(2p)6 (lg)18 (2d)10 (3s)2 
(Is)2 ( lp)6 (Id)1 0 (2s)2 (If)14 
(2p)6 (lg)18 (2d)10 (3s)2 ( lh)2 2 , 
(2f)1 4 (3p) 6 ¡ 
(Is)2 ( lp)6 (Id)10 (2s)2 (If)14 I 
(2p)6 (lg)1 8 (2d)10 (3s)2 (lh)22 ¡ 
(2f)14 (3p)6 I 
Table 11.3: The closed shell requirement for the supraclusters based on vertex shared 
icosahedra according to the jellium model. 
Surface Harmonic approach to the linear combination of a perturbed spherical arrange-
ment of clusters, as opposed to atoms in the original derived model for clusters. The 
fact that this is straight forward lies in the fact that the TSH model used for a cluster of 
atoms results in cluster orbitals with the same nodal characteristics as atomic orbitals. 
Therefore the aggregation of clusters can be described by the same methodology but 
with the use of 5 σ , Ρ" and Βσ cluster orbitals instead of s, ρ and d atomic orbitals. 
The analysis above indicated that the bonding skeletal orbitals are simply the addi­
tion of the two sets of S" and Ρσ bonding orbitals derived for each icosahedron. The 
interaction between these two sets of orbitals is small and leads to a spectrum of molec­
ular orbitals which corresponds to a linear combination of the sub-sets. MO calculations 
have also been completed for the cluster with three icosahedra sharing three vertices. 
There are 12 bonding orbitals which correspond to the linear combinations among the 
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Figure 11.3: Orbital interaction between two capped pentagonal antiprisms. 
three sets of 5 " and P" bonding orbit als of a single icosahedron. It is apparent that 
clusters with two and three icosahedra sharing vertices have 2 * 8 (16) and 3 * 8 (24) s 
valence electrons. 
Therefore, it can be concluded that the total number of valence σ electrons can be 
expressed as in equation 11.1. 
п
в
 = п
р
*п
г
 (11.1) 
where n, is the number of valence σ electrons, np the number of polyhedra which form 
the supercluster and TÌJ the number of electrons required for the closed shell of the 
icosahedron (i.e. 8). These closed shell requirements are completely different from those 
derived above for clusters with close packed arrangements and conforming to the jellium 
model. 
The equation 11.1 is only valid for condensed clusters when the orbital interaction 
among those polyhedra forming the supracluster is small. The supraclusters which con-
sist of vertex sharing icosahedra provide such a class. 
The additive nature of the electron count in these supraclusters is not too surprising 
in view of an icosahedral packing in the rare gas clusters, Xen.[114] Since the orbital 
interaction between icosahedra is small when they are condensed through vertex sharing, 
the individual icosahedron unit with 8 valence electrons can be viewed as an inert gas 
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Figure 11.4: Orbital interaction in a vertex shared bi-icosahedron. 
center. Each center satisfies the closed shell requirement with an s2p f l configuration. 
Therefore, an icosahedral packing is preferred. 
Clusters based on the vertex sharing of smaller polyhedra and face sharing of poly­
hedra (small or large) result in more close packed structures. Such clusters conform to 
the structural jellium model because the overlaps between the adjacent polyhedra are 
larger. In such situations not all of the linear combinations of orbitals are occupied 
and the closed shell requirements are no longer additive. For example, calculations on 
clusters based on icosahedra sharing faces have demonstrated that some of the linear 
combinations are no longer bonding and the additive relationships discussed above are 
no longer valid. 
11.2.5 Effect of Ligands 
The closed shell requirements for simple gold clusters summarized in the Introduction 
were derived using the assumption that each surface gold atom has a ligand associated 
with it. This assumption breaks down in those clusters which have more than one ligand 
coordinated or no ligand attached to the gold atoms. In the condensed clusters, gold 
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atoms in the common units (vertices, edges or faces) may not have ligands bonded to 
them and atoms in the non-common units may have more than one ligand. The radial 
(s-r) hybridized orbital of each AuL
m
 (7П=1-3) fragment is still available for skeletal 
bonding no matter how many ligands (L) are associated to each gold atom. This can be 
understood in terms of the frontier orbitals of AuL
m
 (гтг = 1-3) fragments which are shown 
in Figure 11.5. The addition of ligands involves interactions between the ρ orbitals of 
M' 
(s-p) 
M )f 
- a i 
M 
ai 
M-l. _ М-І, _ М - І , 
ІхикІ — bonds — IWIKN 
ML fMgmrnl Міг fragment MLi fraginonl 
Figure 11.5: Frontier orbitals of AuL
m
 (m=l-o). 
gold and the ligand orbitals although the Au ρ orbitals are not available for the skeletal 
bonding in the gold clusters. This leads to a complicated situation when the ligand 
electron pairs are included in the electron counting. Therefore an electron counting 
scheme which involves only the gold valence electrons will simplify the problem since each 
AuLm fragment provides a radial frontier orbital for the skeletal bonding. The simplified 
s-model developed above is applicable to both ligated and bare Au-Ag clusters. 
An example illustrating the above argument is given below. MO calculations on a 
tetrahedral (AuL)4 cluster indicates that there is a strongly S" bonding orbital derived 
primarily from the radial fragment orbitals in addition to the four Au-L bonding orbitals 
and 20 orbitals in the d band. When two iodine(I) ligands are introduced as edge 
bridging ligands, the 5" orbital still exists although it is destabilized slightly, as shown 
in Figure 11.6. Therefore, a tetrahedral gold cluster can has either have 50 electrons, 
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[Аи(РКз)4]2 ', or 58 electrons, [Аи(РПз)4(//2-1)2].[11] The electron count common to both 
compounds is the two electrons occupying the S" orbital derived from the radial frontier 
Orbitals. 
In the condensed gold clusters, this electron counting scheme which involves only 
the gold valence electrons is very useful to predict the gross shapes and charges of the 
gold clusters. For example, the [Аи
в
(РКз) 6] 2 4 [90] cluster has a structure with two 
tetrahedra sharing an edge. This cluster is characterized by 4 gold valence electrons 
since each tetrahedron can accommodate 2 valence electrons. An alternative description 
has been given in terms of a prolate distortion of a spherical cluster.[95] 
In the centred icosahedral gold cluster, [Аи1зС12(РКз)1о](РР6)з,[62] the 12ns + 18 
closed shell rule has been used to rationalize its structure. 8 gold valence electrons 
occupy the four skeletal orbitale ( 5 " and P") and the remaining 10 the d shell localized 
mainly on the interstitial gold atom. The [Au13Ag12ClG(PR3)i2]m+ [66] cluster compound 
can be described as two centered icosahedra sharing one vertex. Therefore, 16 metal 
valence electrons are expected for this cluster and m = 3 is predicted, which has been 
confirmed by the conductivity measurements. The cluster Au18Ag2oCli4(PR3)i2 [112] 
consists of three icosahedra sharing three vertices. It is characterized by 24 skeletal 
electrons if the d electrons are ignored. More recently, Teo et al reported a 46-atom 
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Au-Ag cluster, Au22Ag24(PR,1)12Clio which is composed of four 13-atom (AuyAgfi) gold 
centred icosahedra sharing six gold atoms, i.e. a tctrahedral supracluster.[113] From the 
molecular orbital analysis developed above, we predict that the molecule should have 
a charge of +4, i.e. [Au22Ag24(PR.3)i2C]io]4+ which corresponds to 32 gold s valence 
electrons, i.e. for 4 icosahedra. 
The supraclusters proposed by Teo are built up from vertex sharing icosahedra.[107] 
Using his topological electron counting rules, Teo predicted the possible examples of 
the trigonal, tctrahedral, trigonal bipyramidal, pentagonal bipyramidal, and icosahedral 
supraclusters.[107] The molecular orbital approach developed above leads to following 
closed shell requirements for these clusters: 24, 32, 40, 56 and 104. which depend on 
the number of icosahedra present. Therefore, the following typical stoichiometrics are 
proposed for these clusters: Ι ^ Μ , ^ / ί - Χ ) ^ , L^yUeiß-X-iu- Li2M5c(/í-X)i6, L^My^/i-
X)2o and [Ь 1 2МІ27(/ІЗ-Х)2О] 3 + (L—phosphine, X—halide), which except for the latter are 
similar to those proposed by Teo [107] on the basis of a condensation principle. The 
presence of 12 phosphine ligands in these formulae are a result of steric considerations. 
The polyhedra listed in Table 11.1 generally have 12 atoms of the outer sphere which 
are suficiently exposed to coordinate phosphine ligands. 
Fackler et al [108] has also formulated a 67-atom gold cluster, Аи^РН.^нСЛв, as an 
edge-shared tetrahedral supracluster which consists of six icosahedra sharing 11 vertices. 
This supracluster should accommondate 48 ( 6 * 8 ) s valence electrons, and therefore a 
charge of +19 should be assigned to the molecule, if Fackler's prediction is correct. This 
is unlikely to be true for a molecule with such a large positive charge. It seems more 
probable in view of the molecular orbital analysis described in this chapter that such a 
cluster would have a more dense close packed structure which could be analysed using the 
jellium approach. A closed packed Ащу cluster would achieve a jellium closed shell when 
the total number of valence electrons is 58 (lÄ2lp6l(i1 0l/1 ' '2p0lg1 8), i.e. corresponding 
to Auj^ J". This is much closer to the observed stoichiometry than that proposed on the 
basis of vertex shared icosahedra. 
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Summary 
The reduction of Рі(РРЬз)з and АиРРЬзМОз in tetrahydrofuran with hydrogen gas 
yields the platinum-centered hydrogen containing [Рі(Н)(РРІі;))(АиРР}із)7](МОз)2 clus­
ter (chapter 2). The central Pt atom in this cluster is surrounded by seven AuPPhs 
groups and one PPhs Hgand in a nearly cubic arrangement. The hydrogen position 
could not be determined but the atom is expected to reside near the PPhs that is di­
rectly bonded to the central atom based on J(P-H) coupling constants. 
The [Рі(Н)(РР1із)(АиРР1із)7](МОз)2 cluster can be used for the synthesis of another 
useful starting material [Рі(АиРР1із)8](МОз)2 by abstracting P P h 3 with Αι ιΡΡΙ^ and 
substitution of H + by AuPPhg*" with the aid of an amine base (chapter 3). The resulting 
six electron cluster has a tetragonally distorted S 8 symmetry. It is an electronically and 
sterically unsaturated reactive species and can be used for cluster growth in oxidative-, 
electrofilic- and nucleofilic addition reactions. 
The synthetic work, described in this thesis, deals mainly with the reactivity of the 
toroidal ($")2(Ρσ)* compound [PttAuPPhsbKNOah. The [Pt(AuPPh;,) 8 ](N0 3 h duster 
undergoes a Lewis acid addition reaction with Ag4 (chapter 5). The formed [Pt(Ag-
NOaHAuPPhataKNOsb cluster remains ( S ' 7 ) 2 ^ ' 7 ) 4 and has a toroidal geometry of three 
staggered M3 fragments perpendicular to the torus axis. The silver atom is, in contrast 
with the platinum atom, not located in the torus plane. 
The addition of one equivalent of a Lewis base, like CO, results in the (S' T ) 2 (P' ') e 
cluster [Рі(СО)(АиРРЬз)8](>Юз)2 (chapter 4). This cluster can react with Ag+ to form 
the addition product [Рі(СО)(А§КОз)(АиРР1із)8](МОз)2 (chapter 6). The structure can 
be regarded as spheroidal with a ten coordinated central platinum atom in a geometry 
derived from an icosahedron by substituting a M3 fragment by a CO group on a threefold 
axis. 
Further addition of isonitriles to this (3 σ ) 2 (Ρ < 7 ) 9 compound results in the substitution 
of one РРЬз ligand on a peripheral gold atom by an isonitrile. With this synthetic route 
a series of isonitrile containing clusters of the general formulae [Pt(L)( AuL')( АиРРЬз^]-
(N03)2 and [PtiLXAgNOsMAuL'HAuPPhshKNOjb (L = CO, CN-i-Pr, CN-t-Bu and 
L' = CN-i-Pr, CN-t-Bu, РРЬз) can be synthesized (chapter 7). The structures are 
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assumed to be similar to those of the compounds in which L = CO and L' = PPhs. 
The trends in 3 1 P-NMR and IR bpectra can be analyzed with the use of σ-donor and 
π'-acceptor capability considerations. The large electron density in the centre of the 
cluster causes the differences in NMR data between central atom and peripheral atom 
coordinated sites. 
The bonding in the cluster frame is further studied in chapter 8 by using ""P homonu-
clear shift correlation spectroscopy (COSY) for a solid state sample and solutions at low 
temperature. The structure in solution at low temperature is the same as the one found 
in the solid state, which is the thermodynamically most stable isomer. The P-P coupling 
in the spheroidal clusters is mediated through the central atom as concluded from the 
cross-peak multiplicities, thus in agreement with the results from molecular orbital cal­
culations. In the toroidal [Pt(AgN03)(AuPPh3)8](N03)2 cluster peripheral interactions 
are also important, because peripheral overlap increases when the Au-P bonding vector 
is more perpendicular to the torus plane. This effect helps also in relieving the steric 
hindrance. 
The observation of the more acute central atom - peripheral atom - phosphine ligand 
angle for toroidal clusters is also made in chapter 9. In this chapter a procedure to obtain 
objective measures (S and P ) for the toroidality or spheroidality in crystallographically 
determined data is presented. These parameters S and Ρ correlate with the electron 
count for the dusters, as expected : (5σ)2(Ρσ)6 when S > 0.8 and Ρ > 0.8 and ( 5 σ ) 2 ( Ρ σ ) 4 
when S < 0.5 and Ρ > 0.8. 
Extended Hiickel Molecular Orbital calculations are used throughout the work. In 
chapter 2 and chapter 8 the total energy calculations are used to determine which metal 
sites are preferred by platinum or silver. The results of these calculations are in agreement 
with other physical evidence for the site preferences. In chapter 4 EHMO were used to 
analyze the effects on the bonding in the metal frame when a Lewis base like CO is 
added to the central metal atom. 
The EHMO calculation method was also used to analyze the bonding in mono- and 
dicarbido gold cluster compounds (chapter 10). In main group atom (B, C, N) centered, 
(S'T)2(P< T)6 gold cluster compounds the radial bonding dominates. In dicarbido clusters 
alternative closed shell electron counts are possible. Clusters with 12m + 10 (m = 
number of gold phosphine groups) are predicted to be stable and have short C-C distances 
resulting from C-C multiple bonding. In the clusters with 12m + 1 4 valence electrons the 
C-C distance is likely to be strongly sensitive of the polyhedral geometry. A bonded C2 
moiety will be observed only if it is compatible with the formation of Au-C bonds of ca. 
2.0 Â to adjacent gold atoms. Dicarbido clusters with 12m + 16 electrons are predicted 
to be unstable relative to the mono carbido clusters. 
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Finally EHMO calculations are used to determine the closed shell requirements of 
condensed clusters of group 11 elements (chapter 11). The jellium model cannot be 
applied to these compounds since it is only applicable to close packed spherical clusters. 
The molecular orbitals formed in the open structures based on vertex-linked icosahedra 
correspond to the combination of the S" and P" molecular orbitals associated with each 
icosahedron, and can be categorized in the same fashion as it is done in the Tensor 
Surface Harmonics theory. The closed shell requirements correspond to np * 8 electrons, 
where np = the number of icosahedra, as a result of the small orbitai interactions between 
the icosahedra. 
Samenvatting 
De reductie van Рі(РРЬз)з en АиРРЬзМОз in tetrahydrofuran met waterstof gas leidt tot 
de vorming van het platina gecentreerde waterstof houdend [Pt(H)(PPh3)(AuPPh3)7]-
(N03)2 kluster (hoofdstuk 2). Het centrale platina atoom is omgeven door zeven АиРРЬз 
groepen en een РРЬз ligand in een bijna kubische omringing. De positie van het water­
stof atoom kon niet worden vastgesteld maar op grond van J(P-H) koppelingsconstanten 
wordt het atoom verondersteld zich te bevinden in de omgeving van het РРЬз dat gebon­
den is aan het centraal metaal atoom. 
Het [Рі(Н)(РР1і3)(АиРРЬз)7](МОз)2 kluster kan gebruikt worden voor de synthese 
van een ander bruikbare uitgangs verbinding [Р((АиРР1із)8](РЮз)2 door de abstractie 
van P P h 3 met AuPPh^ en de substitutie van H
+
 door AuPPh^" met behulp van een amine 
base (hoofdstuk 3). Het gevormde zes electron kluster heeft een tetragonaal verstoorde 
5
e
 symmetrie. Het is een electronisch en sterisch onverzadigde, reactieve verbinding en 
kan gebruikt worden bij kluster groei in oxidatieve-, electrofiele- en nucleofiele additie 
reacties. 
Het synthetisch werk, beschreven in dit proefschrift, behandelt voornamelijk de reac­
tiviteit van het toroidale (S' 7) 2(P'T) 4 kluster [Рі(АиРР1із)
й
](Шз)2. Het [Рі(АиРРЬз)8]-
(N03)2 kluster ondergaat een Lewis zuur additie reactie met Ag+ (hoofdstuk 5). Het 
gevormde [P^AgNOsHAuPPhj^KNOab kluster blijft ( S ' ) ^ ? " · ) 4 en heeft een toroidale 
geometrie van drie "staggered" M3 fragmenten loodrecht op de torus as. Het zilver atoom 
ligt, in tegenstelling tot platina, niet in het torus vlak. 
De additie van een equivalent van een Lewis base, zoals CO, resulteert in het (S'') 2(P< r) e 
kluster [Pt(CO)(АиРРЬз)8](КОз)2 (hoofdstuk 4). Dit kluster kan met Ag+ reageren om 
zo het additie product [Рі(СО)^МОз)(АиРРЬз) 8 ](МОз)2 te vormen (hoofdstuk 6). De 
structuur kan beschouwd worden als sferoïdaal met een tienvoudig gecoördineerd cen-
traal platina atoom met een geometrie afgeleid van de icosaeder door substitutie van een 
M3 fragment door CO op een drietallige as. 
Verdere additie van isonitrillen aan deze (S' ,)2(P'T)a verbinding heeft de substitutie 
van een РРЬз ligand door een isonitril op een perifeer goud atoom tot gevolg. Met deze 
synthese route kan een serie van isonitril houdende klusters met de algemene formule [Pt-
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(LKAuL'KAuPPhsMNOsb en [Pt(L)(AgN03)(AuL')(AuPPh3)7](NO3)2 (L = CO, CN-
i-Pr, CN-t-Bu en L' = CN-i-Pr, CN-t-Bu, РРЬз) gesynthetiseerd worden (hoofdstuk 7). 
De structuren worden gelijk verondersteld met die van de verbindingen waarin L — CO 
en L' = РРЬз. De trends in 3 1 P-NMR en IR spectra kunnen geanalyseerd worden met 
behulp van σ-donor en 7r*-acccptor eigenschappen. De grote electronendichtheid in het 
centrum van het kluster geeft aanleiding tot de verschillen in NMR data van centraal 
atoom en perifeer atoom gecoördineerde liganden. 
De bindingen in het kluster frame zijn verder bestudeerd in hoofdstuk 8 door gebruik 
te maken van 31P homonucleaire chemische shift correlatie spectroscopie (COSY) aan 
de vaste stof en in oplossingen bij lage temperatuur. De structuur in oplossing bij lage 
temperatuur is, net als die in de vaste stof, van de thermodynamisch meest stabiele 
isomeer. Uit de kruispiek multipliciteiten blijkt dat de P-P koppeling in de sferoidale 
klusters doorgegeven wordt via het centrale atoom hetgeen in overeenstemming is met 
resultaten uit molecuul orbitaal berekeningen. In het toroidale [Pt(AgN03)(AuPPh3)g]-
(N03)2 kluster zijn perifere interacties ook belangrijk omdat de perifere overlap toeneemt 
wanneer de Au-P bindingsvector haakser op het torus vlak staat. Dit effect draagt ook 
bij in de verlaging van de sterische hindering. 
De scherpere hoek centraal atoom - perifeer atoom - fosfine voor toroidale klusters 
wordt ook in hoofdstuk 9 opgemerkt. In dit hoofdstuk wordt een methode beschreven 
om objectieve maten (5 en P) te vinden voor de toroïdaliteit of sferoïdaliteit in kristallo-
grafisch bepaalde data. De parameters S en Ρ correleren met de electronen telling voor 
de klusters zoals verwacht wordt : (S")2{?")e wanneer S > 0.8 en Ρ > Ü.8 en (5 σ ) 2 (Ρ ' τ ) 4 
wanneer S < 0.5 en Ρ > 0.8. 
Extended Hückel Molecuul Orbitaal berekeningen worden op verschillende plaatsen 
gebruikt. In hoofdstuk 2 en hoofdstuk 8 worden totale energie berekeningen gebruikt 
om te bepalen welke plaatsen bij voorkeur door platina of zilver bezet worden. De 
uitkomsten van deze berekeningen zijn in overeenkomst met andere fysische bewijzen 
voor die voorkeuren. In hoofdstuk 4 zijn EHMO berekeningen gebruikt om het effect op 
de bindingen in het metaal frame te analyseren wanneer een CO aan het centraal atoom 
addeert. 
De EHMO berekenings methode is ook gebruikt om de binding in mono- en dicar-
bido goud klusters te analyseren (hoofdstuk 10). In hoofd groep element (B, C, N) 
gecentreerde (S<T)2(PIT)6 goud klusters overheersen de radíele bindingen. In dicarbido 
klusters zijn verschuilende "closed shell" electronen tellingen mogelijk. Van klusters met 
12m +10 (τη = aantal goud fosfine groepen) wordt voorspeld dat ze stabiel zijn en korte 
C-C afstanden hebben als gevolg van meervoudige C-C bindingen. In de klusters met 
12m + 14 valentie electronen is de C-C afstand waarschijnlijk sterk afhankelijk van de 
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geometrie van de polyeder. Een gebonden C2 fragment zal gevonden worden als gelijk-
tijdig Au-C bindingen met een lengte van ca. 2.Ü A met de aanliggende goud atomen 
gevormd kunnen worden. Dicarbido klusters met 12;n + 16 electronen zullen instabiel 
zijn ten opzichte van de mono carbido klusters. 
Tot slot zijn EHMO berekeningen gebruikt om de "closed shell'' vereiste van gecon-
denseerde klusters van groep 11 elementen vast te stellen (hoofdstuk 11). Het jellium 
model kan op deze verbindingen niet toegepast worden omdat het alleen toepasbaar is 
op dichtst gestapelde sferische klusters. De gevormde molecuul orbitalen in de open 
structuren van de hoek-verbonden icosaeders, corresponderen met de combinatie van S ' 
en Ρ ' molecuul orbitalen geassocieerd met elke icosacder, en kunnen op dezelfde manier 
gecategoriseerd worden zoals dat gebeurt in de Tensor Surface Harmonics theorie. De 
"closed shell" eis correspondeert met rip * 8 electronen, waarbij rip het aantal icosaedra 
іь, dit als gevolg van de geringe orbitaal interacties tussen de icosaedra onderling. 
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